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Voorwoord
Het schrijven van een voorwoord is één van de leukste onderdelen bij het voltooien van een
proefschrift. Het biedt de mogelijkheid om zowel de mensen te bedanken die meegeholpen hebben
aan de totstandkoming van dit proefschrift, alsmede diegenen die ervoor hebben gezorgd dat ik
terug kan kijken op een fantastische periode in Nijmegen.
Allereerst wil ik graag mijn ouders bedanken omdat ze mij altijd hebben gesteund gedurende
mijn studie en promotie-onderzoek, al vonden ze het wel erg lang duren voordat zoonlief een echte
baan kreeg. Ook mijn vriendin Irene wil ik graag bedanken voor alle steun en vrijheid die ik van
haar kreeg om het onderzoek en proefschrift te voltooien. Hoewel mijn onderzoek niet het
eenvoudigste onderwerp was om over te discussiëren, heb ik de belangstelling van mijn
(schoon)familie hiervoor altijd zeer op prijs gesteld.
Mijn promotor ben ik dankbaar voor de mogelijkheid die hij mij heeft geboden om dit
promotie-onderzoek in zijn onderzoeksgroep te beginnen en voor zijn onmisbare steun bij het
voltooien van dit proefschrift. Tevens gaf hij alle steun aan activiteiten zoals het organiseren van
een studiereis naar Australië en het ontwikkelen van de Home-Page "Organische Chemie" op het
World Wide Web. Zijn vertrouwen in mij en in een succesvolle afloop heb ik zeer gewaardeerd.
Mijn co-promotor wil ik bedanken voor zijn enthousiaste begeleiding van mijn onderzoek. Ik
kon steeds weer aankloppen met chemische problemen en ideeën die dan zonder uitzondering vol
geestdrift werden besproken. Dankzij deze discussies is het plezier en succes in het doen van
onderzoek stevig vergroot.
Natuurlijk wil ik hierbij alle promovendi en stafleden van de afdeling Organische Chemie
bedanken voor hun bijdrage aan de prettige werksfeer en het gereedkomen van mijn onderzoek en
proefschrift. Zonder jullie had dit boekje niet deze vorm gekregen! In het bijzonder gaat mijn dank
uit naar die mensen die daadwerkelijk hun wetenschappelijke steentje hebben bijgedragen aan het
onderzoek dat is opgenomen in dit proefschrift. Als vanzelfsprekend heb ik van de mede K(l)ooio's
veel sociale en wetenschappelijke ondersteuning ondervonden. Betere collega's kan ik me dan ook
niet voorstellen! Ook de Clustermannen en de buren van de Kleine Ring Chemie waren onmisbaar
voor de discussies op sociaal en wetenschappelijk vlak. Op weg naar de koffiekamer was de
zwavelhoek vaak een interessante tussenstop, althans wanneer er geen stankalarm was! Bijzonder
dankbaar ben ik voor de prettige samenwerking met de Analytische Groep, waar veel werk is
verricht voor het ophelderen van alweer een nieuwe en spectaculaire structuur. Ook in de
Chemische Bibliotheek was ik ten allen tijde welkom met mijn vragen, bij het bestellen van een
boek of bij problemen met het vinden van dat ene belangrijke artikel.
Het is dan ook niet verwonderlijk dat ik veel Nijmeegse collega's als goede vrienden ben gaan
zien. Vooral de contacten buiten werktijd heb ik als zeer plezierig ervaren. Zo waren daar de
vakanties aansluitend op de diverse studiereizen. Als eerste twee weken met een camper
rondtrekken door Amerika, met als hoogtepunten een afdaling in de Grand Canyon en drie lange
nachten Las Vegas. Tevens werd hier de basis gelegd voor nieuwe studiereizen. Ik kijk dan ook met
veel plezier terug op de reis naar Zuid-Afrika met als sociaal hoogtepunt de bezoeken aan de
schitterende natuurparken. Ook organiseerden we een succesvolle studiereis naar Australië waarbij
we door de gastvrijheid van de Australiërs en het wetenschappelijk niveau van hun onderzoek
positief verrast werden. Na afloop zijn we nog met een kleine groep als echte "backpackers"
rondgereisd.
In Nijmegen waren daar natuurlijk de beruchte bridgeavonden tot in de kleine uurtjes. Meestal
werd de situatie de volgende dag opnieuw in detail besproken. Ook kijk ik met veel plezier terug op
het volleyballen in het fanatieke recreantenteam "Upset".
Als allerlaatste wil ik alvast beide paranimfen, die mij terzijde staan tijdens de promotie-
ceremonie, bedanken. Op deze speciale dag is jullie morele steun onbetaalbaar!
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General introduction
1.1 The tricyclodecadienone system
The endo-tricyclo[5.2.1.02,6]decadienone system 2 can be considered as a cyclopentadienone 1 in
which one of the olefinic bonds is masked in a crossed Diels-Alder adduct with cyclopentadiene
(Scheme 1).  Two characteristics form the basis of the synthetic significance of the endo-tricyclo-
decadienone system 2. First, their use as key intermediate in the synthesis of cage-type structures,
and secondly, their application as chiral synthetic equivalent of achiral cyclopentadienones in the
synthesis of cyclopentenoids. These features will be briefly elaborated below.
Cage-type structures   
Cyclopentenoids
21
    
O
O
Scheme 1
For the synthesis of cage-type structures, facile [π2 + π2] - photocyclization of endo-tricyclodeca-
dienone 2 leads to 1,3-bishomocubanone 3. Further synthetic elaboration of the strained polycyclic
cage system by ring contractions, ring expansions and functional group transformations allows the
synthesis of a variety of cage structures. Examples thereof are cubane 4, homocubane 5, basketane 6
and 1,3-bishomocubanes 7, as well as some natural products.1
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These cage compounds are suitable structures for studying stereochemical and mechanistic
features of organic reactions. Due to their intrinsic rigidity, these compounds are ideal for
investigating physical and chemical interactions of functional groups as a function of their relative
spatial position.1,2 Furthermore, these strained cage structures are of interest to study the effects of
strain on the outcome of chemical transformations of these systems. It was found that controlled
cage-opening reactions can be achieved producing half-cage compounds with functional groups in
close proximity.3,4 In recent years, the interaction of two functional groups in close proximity has
been extensively studied in the Department of Organic Chemistry of the University of Nijmegen.4
Besides their utilization as valuable photoprecursors for the synthesis of cage compounds,
tricyclodecadienones 11 are also attractive starting materials for other synthetic purposes. Endo-
tricyclodecadienones 11 contain several functional groups with distinct chemical behavior. The
strained norbornene C8-C9 double bond can easily undergo electrophilic addition reactions5, while
the enone moiety can be subjected to a variety of synthetic manipulations such as 1,2 and
1,4-nucleophilic addition reactions6, C2-alkylation and condensation reactions7, and introduction of
functionality at C4.8
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The tricyclodecadienone system 11 proved to be an efficient synthon for the synthesis of
cyclopentenoids 9 and 10. Substituted cyclopentadienones 8 are not accessible as they generally
dimerize at temperatures above -100 °C. Endo-tricyclodecadienones 11 can serve as a synthetic
equivalent of cyclopentadienone 89,10, because they can be considered as cyclopentadienones 8 in
which one double bond is masked. The remaining enone moiety can then be subjected to selective
transformations to form functionalized tricyclodecenones 12 and 13. Subsequent thermal
[4+2]-cycloreversion, e.g. by applying Flash Vacuum Thermolysis (FVT), regenerates the enone
moiety yielding functionalized cyclopentenones 9 and 10. This approach is depicted in Scheme 2.
The tricyclodecadienones 11 are intrinsically chiral and thus they can, in principle, be resolved to
give both antipodes in enantiopure form. Subsequent synthetic elaboration of the enantiopure
synthetic equivalent of cyclopentadienone, followed by cycloreversion then leads to
cyclopentenoids with controlled stereochemistry. The retro Diels-Alder reactions reinstall the
original double bond and also eliminate the stereogenic element that makes cyclopentadienone
"chiral". Hence, the protection and deprotection sequence involves the introduction of a chirality
element, which is sustainable in the chirality transfer, and its subsequent removal. For such an
approach, the term transient chirality is appropriate. The availability of both antipodes of 11 in
enantiopure form thus completes this strategy and makes it extremely useful for the enantioselective
synthesis of cyclopentenoids11, using the concept of transient chirality.12
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Extensive work to explore this strategy has been performed by several groups13 and throughout
the years a large variety of natural products containing a cyclopentenoid moiety have been
synthesized. Examples of naturally occurring cyclopentanoids synthesized by the Nijmegen
research group are terrein14 14, pentenomycin15 15, epi-pentenomycin16 16, dihydrosarkomycins17
17, clavulone18 18 and kjellmanianone10,19 19.
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1.2 Aim and outline of this thesis
The aim of the research described in this thesis is to explore new tricyclodecadienone
derivatives, which are either of fundamental interest or potential starting materials for natural
product synthesis. Our interest includes endo-tricyclodecadienones 20, endo-tricyclodecadienols 21,
and the more strained tricyclodecadienones 22 and tricyclodecatrienone 23.
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The tricyclodecadienone systemi 20 is ideal for fundamental studies of the stereo- and
regioselectivity of nucleophilic additions at the α,β-enone system. Its rigidity and the possibility of
introducing several groups at different positions in the tricyclic system allows a thorough study of
electronic and steric parameters of such addition reactions. Tricyclodecadienone 22 is even more
rigid and is considerably strained due to its central enone double bond, which is a common
structural element of both the rigid norbornene moiety and the cyclopentenone ring annulated to it.
In Chapter 2 the synthesis and exploration of the chemical properties of tricyclodecadienone 22 is
described.
Recently, the Barton decarboxylation method20 was used to transform the carboxylic acid group
into several functionalities21. Starting from 6-bromo-endo-tricyclodecadienone 24 a new reaction
was found, which allowed the introduction of a variety of functional groups at the C6 position
(Scheme 3). This bridgehead alkylation using a novel cuprate reaction is described in Chapter 3.
O
Br
24 25
O
R'   
R2CuLi
 
R'X
6 6
Scheme 3
                                                
i
 The numbering of the carbon atoms in the tricyclodecadienone system may change when different X substituents are
considered. However, in the sake of clarity the numbering of the parent system 20, 21 (X=H) and 22 (R=H) is used
in the discussion sections. Official IUPAC names are used in the experimental part.
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Further research to uncover new chemistry around the C6 bridgehead position and to find
synthetic routes to the intriguing tricyclodecatrienone 23 containing the C4-C5 double bond as well
as a central C2-C6 olefinic bond, is described in Chapter 4. Tricyclodecatrienone 23 is a novel
highly strained unsaturated tricyclic compound that formally constitutes a cyclopentadienone ring
system annulated to a norbornene moiety with a common olefinic bond. Due to geometrical
constraints imposed by the rigid tricyclic skeleton the central C2-C6 enone double bond is highly
strained and therefore extraordinarily reactive. Especially the regio and facial selectivity in the
Michael addition to the enone systems are relevant for the use in natural product synthesis.
O
X exo
endo
Me2CuLi
20
+
O
X
CH3
Me2CuLi
O
X
CH3
26 27
Scheme 4
In Chapter 5 the 1,4-nucleophilic addition to the enone system in 6-substituted tricyclodeca-
dienones 20 is discussed. From previous studies it was known that both steric and electronic factors
play a decisive role in determining the stereochemical outcome of nucleophilic additions at the
C4-C5 double bond. However, at that time no straightforward rational was at hand22 to explain the
formation of exo addition adduct 26 and/or endo product 27 in dependence to the nature of
substituent R. In this chapter, more substrates were included in this facial selectivity study to gain
better insight in the steric and electronic factors involved.
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Chapter 6 deals with the stereocontrolled synthesis of fragrance cyclopentenoids 28, 29, 30 and
31. These alkyl substituted cyclopentenones show biological activity, and as a group, they are
known for their fragrance properties. However, the fragrance properties of each single enantiopure
cyclopentenone is unknown but of much interest to the perfume industry. These single
diastereomeric alkyl substituted cyclopentenoids are also relevant for fundamental structure-odor
relationship studies. All compounds contain similar functionalities, but are quite different in
molecular shape.
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A study aimed at exploring enantioselective routes towards the highly reactive and intriguing
cyclopentadienols 33 using tricyclodecadienols 32 as their synthetic equivalent is presented in
Chapter 7. The preliminary results of the regio- and stereoselective 1,2-addition to the C4-C5 enone
system in 20 and the use of 32 as precursors applying flash vacuum thermolysis technique are
discussed.
An appendix describing the Flash Vacuum Thermolysis set-up concludes this thesis.
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Chapter 2
Facial selectivity in the addition reactions of
tricyclo[5.2.1.02,6]deca-2(6),8-dienones
2.1 Introduction
The endo-tricyclo[5.2.1.02,6]decadienone system 1 is a versatile and useful synthon for the
synthesis of a great variety of cyclopentenoids.1 Its rigid structure, the presence of several easily
accessible positions for functionalization and the ability to undergo [4+2] cycloreversion underlie
the importance of this polycyclic structure in synthetic organic chemistry. Moreover, the availability
of both antipodes 1 in enantiopure form2 makes it extremely useful for the enantioselective
synthesis of a variety of cyclopentenoids3 and related natural products.
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Starting from the readily available Herz ester 2, chemical transformations involving
1,4-reduction of the enone system to 4 followed by the Barton radical decarboxylation process4
allow the introduction of a phenylselenyl group at the C6 position in the tricyclodecadienone
system5  (Scheme 1). Recently, using the obtained phenylselenyl-endo-tricyclodecenone 6 as the
starting substrate the synthesis of the reactive and strained tricyclodecadienone 3 was achieved by
oxidative elimination of the 6-phenylselenyl group (Scheme 1). Whereas the tricyclodecadienone
system 1 is a synthetic equivalent of cyclopentadienone, tricyclodecatrienone 3 can be considered as
a synthetic equivalent of the elusive cyclopentynone 7.
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Tricyclodecadienone 3 is a novel unsaturated tricyclic structure, which is characterized by a
central enone system that forms a common structural element of both the rigid norbornene moiety
and the annulated cyclopentenone ring. As the result of geometrical constraints imposed by the
tricyclic skeleton, which does not allow optimal sp2 hybridization at the C2 and C6 bridgehead
positions, the central C2-C6 enone double bond is highly strained and therefore exceptionally
reactive.
NaIO4 / MeOH
c.y.: 75 %
2
1,4 Reduction
c.y.: 68%
O
COOEt
7 3
O
O
O
COOEt
O O
SePh  
1. NaOH, MeOH, rt
2. Barton's procedure
PhSeSePh
c.y.: 84%
4 5 6
Scheme 1
Cyclopentynone 7 can not exist due to its extremely high strain energy and investigating its
synthetic equivalent 3 is a new topic in our studies of the synthetic potential of the
tricyclodecadienone system. The strain energy of 7 was calculated using molecular modeling
(MM2) calculations and amounts to 120 kcal/mol, while the saturated cyclopentanone and
non-cyclic pentynone have strain energies of only 9 and 1 kcal/mol, respectively.
O
Nu
O
Nu
8 93
and/or
O
Nucleophile
endo
exo
Scheme 2
Steric energy calculation (MM2) for 3 gave a value of 40 kcal/mol of which a large contribution
originates from the central C2-C6 double bond. Comparing 3 with 1 (R=H), which contains 31
kcal/mol steric energy, clearly reveals the effect of the central double bond and the outer enone
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double bond on the strain energy. Furthermore, the heat of formation energy of 1 is 14 kcal/mol less
than for 3, indicating a more reactive enone system in tricyclodecadienone 3 than in 1.
New functionalities may be introduced by nucleophilic addition to tricyclodecadienone 3
(Scheme 2). Such additions to 3 in principle lead to two stereoisomers 8 and 9. Whether endo-
tricyclic compound 8 or exo-tricyclic 9 is formed depends on steric and electronic factors as well as
on the stability of the intermediates and/or the final products. To unravel the factors that determine
the facial selectivity in nucleophilic additions to tricyclo[5.2.1.02,6]deca-2(6),8-dienones is the main
goal of the study described in this chapter.
2.2 Addition reactions under protic conditions
The Michael addition of a series of nucleophiles to 3 was investigated under protic conditions.
The alkoxy nucleophiles were generated in an alcoholic solvent. As depicted in Scheme 3, the
nucleophile can approach the enone either from the exo or the endo face. Although the addition of
the nucleophiles is in principle an equilibrium, protonation of the initially formed product anions 10
and 11, respectively, in a protic medium will be much faster than the reverse reaction to the starting
material because of the low acidity of the conjugate acid of such ions. This implies that the outcome
of these addition reactions to 3 is kinetically controlled. The cyanide and malonate ions were
generated in acetonitrile, which is seemingly aprotic. Cyanide however, contains some water
resulting in protic conditions. Also, in the malonate case, by intramolecular transfer of the malonate
proton the product anion can not revert to starting material and therefore the reaction is still
kinetically controlled.
  Under protic conditions:  k
 H >> k -E  ;  k H >> k -X
k
 H
protonation
k
 H
protonation
k
 -E
k
 E
k
 -X
k
 X
3
O
Nu
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O
Nu
11
O
Nucleophile (Nu-)
endo
exo
9 (exo  product)   
8 (endo  product)   
O
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O
Nu
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Table 1: Addition reactions under protic conditions to 3
Entry Solvent Base Nucleophile Time Product Yield (%)
a t-BuOH NaOH t-BuO - 3 d 8a (Nu = OH) 67
b MeOH NaOH MeO - 15 min. 8b (Nu = OMe) 99
c EtOH NaOH EtO - 35 min. 8c (Nu = OEt) 97
d n-BuOH NaOH n-BuO - 2 h 8d (Nu = OBu) 65
e i-PrOH NaOH i-PrO - 6 h 8e (Nu = OiPr) & 8a 35 & 20
f MeCN CN - 3 d 8f (Nu = CN) 95
g MeCN NaH CH(COOEt)2 - 5 d 8g (Nu = CH(COOEt)2) 73
The experiments clearly show an exclusive exo-facial selectivity as only C6 substituted
endo-tricyclodecenones 8 were obtained (Table 1). The kinetically controlled product formation is
governed by steric and/or electronic factors. Sterically, the methylene bridge is less demanding than
the ethylene bridge6 and therefore facial attack from the exo-face of the cyclopentenone moiety in 3
is kinetically favored over endo-facial addition. Electronically, addition from the exo-face may also
be favored as considerable orbital interaction between the enone π-system and the olefinic C8-C9
bond may exist leading to an effective shielding of the endo-face of 3 for incoming nucleophiles.
On the other hand exo-facial attack is promoted by stabilization of the emerging σ*-orbital by the
norbornene π-system which enhances incipient bond formation from the exo-face.
The difference in product stability, i.e. 8 vs. 9 is very minor as was apparent from AM1
calculations. The difference in heat of formation of these products amounted to 0.5 - 2.0 kcal/mol.
Hence, the product ratio is not determined by a process involving product control.
2.3 Addition reactions under aprotic conditions
Michael additions under aprotic conditions were also investigated using lithium dialkylcuprates
in diethyl ether as the nucleophilic reagents. The results of these addition reactions are shown in
Table 2. Interestingly, this mode of nucleophilic addition also leads to the formation of the
exo-products, albeit to a minor extent. This observation implies that the addition of lithium
dialkylcuprates preferentially takes place by an exo-facial attack, but some endo reaction occurs as
well. These cuprate additions are therefore not completely stereoselective in contrast to the
reactions with nucleophiles under protic conditions.
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Table 2: Addition reactions of lithium dialkylcuprates to 3
Entry Nucleophile Temp. (°C) Time Product Yield (%)
h (CH3)2CuLi -78 15 min. 8h + 9h  (10:1) 82
i (C4H9)2CuLi -78 15 min. 8i + 9i    (19:1) 92
Cuprates are rather bulky reagents and accordingly a complete stereoselective reaction from the
sterically less demanding exo-face would have been expected. Going from methyl to butyl cuprates
a considerably enhanced selectivity for the endo-product is observed, but still some exo-product is
produced with the most bulky nucleophile. Thus, steric approach control is the main controlling
factor in this nucleophilic reaction. However, in comparison with the reaction under protic
conditions, which is completely stereoselective, the cuprate reaction can not be explained solely by
steric governing factors. Some electronic effect must be involved as well to account for the
formation of some exo-product.
It is suggested that the cuprates may coordinate with the enone moiety and the olefinic C8-C9
bond to give a d-π cuprate complex whereby the nucleophilic species is positioned at the endo-face
of substrate 3 producing the exo-product. This special behavior of lithium dialkylcuprate in enone
addition reactions to 3 is not unique as similar selectivities were observed in the addition of lithium
dialkyl- and diarylcuprates to tricyclodecadienone 1.7 The special nature of the cuprate addition
reaction involving complexation with the C8-C9 olefinic bond8 can be verified by investigating the
facial selectivity of lithium dialkyl cuprate addition reactions to tricyclodecenone 15, lacking the
C8-C9 double bond.
2.4 Nucleophilic addition reactions to tricyclodecenone 15
In order to test the aforementioned hypothesis concerning the conceivable complexation during
the lithium dialkylcuprate addition to polycyclic enone 3, the tricyclodecenone 15, which lacks the
C8-C9 double bond, was subjected to nucleophilic addition reactions. This substrate contains the
enone as the only functionality and is therefore suitable to study the facial selectivity (Scheme 5).
The synthesis of 15 is depicted in Scheme 4. Starting with Herz ester 2, palladium catalyzed
hydrogenation gave the completely reduced tricyclodecanone ester 12. After hydrolysis and
decarboxylation under Barton conditions4 with diphenyl diselenide as trapping agent, phenyl-
selenyl-endo-tricyclodecanone 14 was obtained in good yield. Oxidative elimination of the phenyl-
selenyl group afforded the desired tricyclodecenone 15 in quantitative yield.
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Scheme 4
Michael additions to 15 were studied under aprotic and protic conditions using two lithium
dialkylcuprates and sodium hydroxide in methanol, respectively (Scheme 5). The experimental
results are collected in Table 3.
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Table 3: Michael addition to tricyclodecenone 15
Entry Nucleophile Temp. (°C) Time Product Yield (%)
b MeOH/NaOH r.t. 20 h 16b 65
h (CH3)2CuLi -78 2 h 16h 82
i (C4H9)2CuLi -78 2 h 16i 85
As expected all these addition reactions took place with completely exo-facial selectivity, as was
deduced from the observations that only endo-product was obtained. It should be noted however,
that these additions were considerably slower than those to substrate 3. The addition of methoxide
to 3 was complete in 15 minutes affording the product 8b in quantitative yield, while the same
reagent reacted with 15 in 20 hours providing product 16b in 65% yield only, with a recovery of
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starting material 15 of 35%. Lithium dialkylcuprate addition reactions to 15 were at least eight
times slower than the corresponding additions to 3.
The complete exo-selectivity for the lithium dialkyl cuprate addition reactions indicate that the
stereoselectivity is fully governed by steric factors, which means by the difference in steric demand
of the ethylene and methylene bridge. The absence of the C8-C9 double bond prevents complexation
of the cuprate, thus the differentiation is purely steric. Apparently, this difference is large enough to
cause complete exo-facial selectivity. An additional and even more convincing proof for significant
electronic participation of the norbornene double bond in 3 is the considerable and consistent
decrease in reaction rates when 15 is compared with 3 in the lithium dialkyl cuprate reaction. The
stabilizing interaction between the norbornene double bond and the emerging σ* orbital during the
reaction with 3 clearly speeds up the addition reaction.
2.5 Cyclopropanation and epoxidation of tricyclodecadienone 3
The nucleophilic addition reactions to tricyclodecadienone 3 studied so far lead to products,
which are thermodynamically more stable than the starting enone as considerable strain energy is
released during the addition. An interesting question is whether it would be possible to accomplish
three-ring annulation by nucleophilic addition to 3, for instance by epoxidation or cyclopropanation.
Undoubtedly, such an annulation would lead to an increase in total ring strain as compared with the
starting enone.
Cyclopropanation of 3 applying dimethylsulfoxonium ylide afforded tetracyclic ketone 18 in a
satisfactory yield of 67% and with complete exo-facial stereoselectivity (Scheme 6). The structure
of 18 was unambiguously determined using 2D NOESY NMR techniques, which showed a strong
and indisputable NOE contact between H10 and H11.
O
H10
H11
183
O
c.y. = 68%
CH2S(CH3)2
O
Scheme 6
Epoxidation of 3 under standard conditions using hydrogen peroxide (30% aq.) in
dichloromethane in the presence of 5% sodium hydroxide gave a single epoxide 19 in 61% yield
(Scheme 7). 6-Hydroxytricyclodecenone 8a was obtained as a byproduct in 19% yield. The
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exo-position of the epoxide function was resolved by 2D NOESY NMR techniques showing a NOE
contact between the H5n and H8 protons in the norbornene moiety. The formation of the mono
alcohol 8a is readily explained by attack of water or the hydroxide anion to the enone system.
Normally, such an addition is reversible and eventually complete conversion of the enone to the
epoxide is attained. However, due to the intrinsic strain of enone 3 elimination of water from 8a is
an unfavorable process (see also preceding paragraph).
O
O
193
O
8a
O
OH
+
H2O2 / CH2Cl2
5% NaOH
Scheme 7
When methanol was used as co-solvent during the epoxidation reaction of 3 a new product was
isolated in 85% yield in addition to the expected epoxide 19, which was only obtained in a low
yield of 8%. This new product, which is a disubstituted tricyclodecadienone 20, is only obtained
when methanol and hydrogen peroxide are both present. In the absence of hydrogen peroxide, with
methanol and base only, tricyclic product 8b being the methanol addition product, was formed. The
new product 20 contains an OH and OMe group added to the central double bond (Scheme 8).  The
structure of 20 was eventually established unequivocally to be 20b on the basis of spectral evidence
and an FVT experiment (vide infra).
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Extensive analysis of the spectral features of the methoxy alcohol 20, including the results of 2D
NOESY NMR experiments, indicate that the structure of this material may be 20b rather than 20a.
At this point prudence is in order as the analysis of the spectral data did not allow a fully
unambiguous interpretation. Usually, H5n and H8 show a clear NOE contact on the basis of which
the chemical shifts of the norbornene hydrogens were assigned (Figure 1). In the present case
however, the chemical shifts of H10 and H5n are at the same position. Since H10 always has NOE
interaction with H8, it is somewhat uncertain whether H5n has a NOE interaction with H8. The cross
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peak in the 2D NOESY data is larger between H10 and H8 as compared with H10 and H9, indicating
an additional NOE contact between H8 and H5n. Because of this observation the other hydrogens in
the norbornene system were assigned and a NOE contact was found between H1 and the hydrogens
of the methoxy group. Therefore, the structure of the new product is most likely 20b.
20b
O
OH
OMe
H5n
H8
H10
H1H9
Figure 1
Unequivocal support for structure 20b is obtained from FVT experiments. Cycloreversion of this
new product 20 led to a cyclopentanoid with the expected mass and a typical NMR proton
spectrum, showing only two peaks and an extremely broad signal for an acidic proton. This high
symmetry is only conceivable for cyclopentanoid product 22, which can exist in two tautomeric
forms, which rapidly equilibrate (Scheme 9). For the cycloreversion product of 20a all tautomers
are different and none of them has a plane or axis of symmetry.
20b
O
OH
OMe
O
OMe
OH
20a 21c
22b22a
FVT
FVT
21a 21b
O
OMe
H
OHO
 HO
MeO
O
O
OMe
H
O
MeO
O
H
O
 MeO
HO
Scheme 9
Furthermore, by repeating the synthesis reported by Heese9 3-hydroxy-2-methoxy-cyclopent-2-
enone (22a) was prepared and its analytical data are in agreement with those of product 22,
obtained by cycloreversion of 20b.
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The mode of formation of products 20 is also a matter of concern. Remarkably, the formation of
a product with structure 20a is rather easy to explain. Reaction of the enolate of 8a, derived from a
straightforward Michael addition of methoxide to the central enone group, with hydrogen peroxide
leads to product 20a (Scheme 10).
20a
O
OMe
OH
enolate of 8a
O
OMe
O
O
H
H
δ −
δ +
Scheme 10
In contrast, product 20b is much more difficult to rationalize. The initially formed epoxide 19 is
proposed to undergo a nucleophilic addition at the carbonyl group, followed by an intramolecular
epoxide opening in analogy with the Payne rearrangement10  (Scheme 11). The thus obtained
epoxide 24 can now be readily ring opened by a methoxide ion to give the desired product 20b.
Such type of Payne rearrangement was reported earlier for a tricyclodecadienone epoxide and
support for the mechanistic sequence shown in Scheme 11 is obtained from these observations by
Dols11.
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An independent experiment in which epoxy ketone 19 was treated with methoxide ion in
methanol yielded indeed the disubstituted tricyclodecenone 20b confirming the mechanism in
Scheme 11.
2.6 Synthesis and chemical properties of 5-substituted tricyclodecadienones
Additions to the central double bond in tricyclic enone 3 generally take place with a remarkable
high exo-facial selectivity as was described in the preceding sections. In order to study the influence
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of an additional substituent at the C5 position, the facial selectivity of the nucleophilic additions to
5-endo and 5-exo methyltricyclodecadienone 25 and 26 was investigated.
O
3 25
O
CH3
O
CH3
26
5
The synthesis of endo-5-methyltricyclodecadienone 25, which is outlined in Scheme 12, had
been accomplished previously in our laboratory.5 The Michael addition reaction to compound 25
was studied using cyanide and diethyl malonate as the nucleophiles (Scheme 13).
28
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Scheme 12
The enone 25 proved to be much less reactive than tricyclic enone 3. Both nucleophilic additions
only occur in reasonable yields in the presence of 15-crown-5-ether. Both reactions proceeded with
complete exo-facial stereochemistry to give exclusively endo-tricyclodecadienone 29a and 29b,
respectively, in good yield.
O
Nu
CH3
2925
O
CH3
Nucleophile
exo
a   Nu = CN
b   Nu = CH(COOEt)2
(c.y.: 87%)  
(c.y.: 76%)  
Scheme 13
The considerable lower reactivity of enone 25 towards nucleophilic addition as compared with
parent compound 3 is not so easy to explain. Sterically, the methyl group at C5 cannot interfere with
the incoming nucleophile, as it is positioned anti to its approach trajectory and therefore no change
in reactivity is expected. Electronically, according to the Cieplak theory, this C5-methyl group is
just expected to accelerate this addition as the slightly electron donating C5-CH3 σ-bond stabilizes
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the σ*-bond which is formed when the nucleophile approaches from the exo-face of the
cyclopentenone moiety.12 A possible reason for the decrease in rate could be the increasing steric
interaction between the endo-C5 methyl group and the norbornene C8-C9 double bond as the result
of the changing hybridization at C6 during the process of bond formation. Inspection of molecular
models support this view.
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To study this substituent effect in more detail and to compare endo-5-methyltricyclodecadienone
25 with its epimer exo-5-methyltricyclodecadienone 26, a route to this compound 26 was set up
(Scheme 14). Unfortunately, the desired product 26 could not be obtained because the ester group
failed to hydrolyze. A range of hydrolysis methods were used, but either the ester did not react or
the entire tricyclic system proved to be unstable under the chosen reaction conditions. The behavior
of the ethyl ester of 30 is very remarkable as the ester lacking the C5-exo-methyl group is readily
hydrolyzed.13
2.7 Concluding remarks
The results presented in this chapter demonstrate a high preference for exo-facial attack to the
enone moiety of tricyclodecadienone 3. This facial selectivity can be explained by invoking steric
approach control in a kinetically controlled process. The steric differentiation by the methylene and
ethylene group is caused by their difference in spatial demand and the electronic repulsion exerted
by the olefinic group. In addition to the pure steric effects, an orbital interaction between the enone
system and the olefinic C8-C9 bond may exist favoring also an exo-facial approach of the
nucleophile. Moreover, exo-facial attack is promoted by stabilization of the emerging σ* orbital by
the norbornene π system which assists the incipient bond formation. The participation of the
norbornene double bond is also clearly demonstrated by the low reactivity of tricyclodecenone 15
which lacks such an olefinic bond. During the addition of lithium dialkylcuprates under aprotic
conditions coordination of the cuprate reagent with the norbornene double bond is probably
responsible for the somewhat diminished exo-facial selectivity, because some exo-addition product
is observed as well. In substrate 15, lacking the coordinating olefinic bond, complete exo-facial
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selectivity was observed with the cuprate reagent. Cyclopropanation of tricyclodecadienone 3 with
a sulfoxonium ylide has been accomplished as well as nucleophilic epoxidation.
2.8 Experimental
General remarks
FT-IR spectra were recorded on a Biorad WIN-IR FTS-25 spectrophotometer. 1H- and 13C-NMR spectra
were obtained on a Bruker AM-400, a Bruker AC-300 and a Bruker AC-100 at T=298 K unless other stated.
Chemical shifts were reported relative to TMS. Mass spectrometric (MS) analyses were measured on a
double focussing VG Analytical 7070E mass spectrometer. GC-MS analyses were performed using a Varian
Saturn II GC-MS ion trap system, equipped with a Varian 8100 autosampler. Separation was carried out on a
fused silica HP-1 capillary column (DB-5, 30m x 0.25 mm). Helium was used as a carrier gas and electron
impact (EI) was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments
CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241 Polarimeter.
Melting points were determined with a Reichert Thermopan microscope and are uncorrected. Gas
chromatographic (GC) analyses were performed on a Hewlett-Packard HP5890A or a Hewlett-Packard
HP5890II gas chromatograph (flame ionization detector, FID) using a capillary column (HP-1, 25 m x 0.32
mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm.) as the carrier gas. The GC temperature programs
employed were either from 50ºC (5 minutes isothermal) to 250ºC at 15ºC/min followed by 2 min at 250ºC
(isothermal) or from 100ºC to 250ºC at 15ºC/min followed by 10 min at 250ºC (isothermal). Column
chromatography was carried at ambient pressure out using Merck Kieselgel 60. Thin layer chromatography
(TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) using the eluents indicated.
Spots were visualized with UV, by reaction with I2 or molybdate spray. Solvents were dried using the
following methods: dichloromethane and hexane were distilled from calcium hydride, diethyl ether was
distilled from sodium hydride, ethyl acetate was distilled from potassium carbonate and toluene was distilled
from sodium. THF was distilled first from calcium hydride and then from sodium with benzophenone as
indicator under argon, directly prior to use. All other solvents were of analytical grade.
General procedure A for the nucleophilic addition of alcohols to tricyclo[5.2.1.02,6]deca-2(6),8-dien-3-
one 3:
To a solution of tricyclo[5.2.1.02,6]deca-2(6),8-dien-3-one 3 (0.5 mmol) in alcohol (2 ml) was added
dropwise 2.5 N NaOH aq. (0.2 ml) solution at 0 - 5 °C  (ice-water) under a nitrogen atmosphere. The mixture
was stirred until the reaction was complete according to GC, then quenched with aqueous ammonium
chloride and the aqueous phase extracted with ether (3x). The combined organic phase was washed with
water (3x), dried with MgSO4 and the solvent was evaporated under reduced pressure. Analytical pure
samples were obtained by preparative TLC or crystallization.
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General procedure B for the lithium dialkylcuprate addition reaction to tricyclo[5.2.1.02,6]deca-2(6),8-
dien-3-one 3:
A solution of RLi (ca. 4 equiv.) in hexane was gradually added to a suspension of dry CuI (ca. 2 equiv.) in
dry ether at -30 °C under an argon atmosphere. After stirring the mixture for 15 minutes at -30 °C, the
mixture was cooled to -78 °C, then a solution of tricyclodecadienone 3 (1 mmol) in ether (10 ml ) was
gradually added. The mixture was stirred at -78 °C until the reaction was complete according to GC, then
quenched with aqueous ammonium chloride and the aqueous phase extracted with ether (3x). The combined
organic phase was washed with water (3x), dried with MgSO4 and the solvent was evaporated under reduced
pressure. Analytical samples were obtained by preparative TLC.
6-Hydroxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8a.
Following general procedure A using tert-butanol (2 ml), 2.5 N NaOH (0.2 ml), and
tricyclodecenone 3 (0.059 g, 0.4 mmol) at room temperature for 72 h, alcohol 8a (0.030 g) was
obtained as a white solid in 46% yield after purification by preparative TLC (EtOAc/hexane =
1/2).
An improved procedure for the preparation of 8a:
To a solution of tricyclodecadienone 3 (0.120 g, 0.8 mmol) in tert-butanol (5 ml) was added dropwise 1.25 N
NaOH aq. (5 ml) at 0 - 5 °C  (ice-water) under a nitrogen atmosphere. The mixture was stirred at room
temperature until the reaction was complete (GC: 7 h). After the general work-up and purification procedure
according to procedure A, 8a (0.086 g, 65%) was obtained as a white solid. A pure sample was obtained by
recrystallization from diisopropyl ether, m.p. 73-75 °C.
1H NMR (400 MHz, CDCl3): δ 6.21 (m, 2H, H9, H8), 3.21 (m, 1H, H1), 2.85 (m, 1H, H7), 2.64 (d, 3J2,1=4.5
Hz, 1H, H2), 2.52 (m, 1H, H4x), 2.06 (m, 4H, H4n, H5x, H5n, H10s), 1.96 (brs, 1H, OH), 1.80 (d, 2J10s,10a=8.0 Hz,
1H, H10a) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 204.6 (quat.), 137.7, 134.8 (tert.), 87.5 (quat.), 63.5,
54.9, 45.8 (tert.), 50.9, 42.4, 33.7(sec.) ppm. IR (CDCl3): ν 3580 (O-H), 2960 (C-H), 2938 (C-H), 1735
(C=O), 1248 (C-O) cm-1. GCMS(EI): m/e (%) 163 (<1, M+-H), 99 (100, M+-C5H5), 66 (38, C5H6+).
HRMS(EI): m/e 164.083540 [calc. for C10H12O2 (M+) 164.083728].
6-Methoxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8b.
Following general procedure A using methanol (2 ml), 2.5 N NaOH (0.2 ml), and
tricyclodecadienone 3 (0.059 g, 0.4 mmol) at 0-5 °C for 15 min., methoxytricyclodecenone
8b (0.070 g) was obtained as a colorless oil in 99% yield after purification by preparative
TLC (EtOAc/hexane = 1/2). The spectral data were in agreement with literature.13 O
OMe
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6-Ethoxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8c.
Following general procedure A using ethanol (2 ml), 2.5 N NaOH (0.2 ml), and
tricyclodecadienone 3 (0.059 g, 0.4 mmol) at 0-5 °C for 1 h, ethoxytricyclodecenone 8c (0.075
g) was obtained as a colorless oil in 97% yield after purification by preparative TLC
(EtOAc/hexane = 1/2).
1H NMR (400 MHz, CDCl3): δ 6.21 (dd, 3J9,8=5.7 Hz, 3J9,1=2.8 Hz, 1H, H9), 6.14 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8
Hz, 1H, H8), 3.57 (m, 3J=5.9 Hz, 1H, CH2CH3), 3.49 (m, 3J=5.9 Hz, 1H, CH2CH3), 3.16 (m, 3J1,9=2.8 Hz,
3J1,2=4.5 Hz, 1H, H1), 3.13 (d, 3J7,8=2.8 Hz, 1H, H7), 2.71 (d, 3J2,1=4.5 Hz, 1H, H2), 2.46 (m, 1H, H4x), 2.19
(m, 1H, H5x) 2.06 (m, 1H, H4n), 2.02 (d, 2J10s,10a=8.0 Hz, 1H, H10s), 1.87 (m, 1H, H5x), 1.71 (d, 2J10s,10a=8.0 Hz,
1H, H10a), 1.21 (t, 3J=5.9 Hz, 3H, CH2CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 219.3 (quat.),
138.5, 134.4 (tert.), 92.5 (quat.), 62.1 (tert.), 58.6, 50.4 (sec.), 49.9, 45.5 (tert.), 42.3, 28.4 (sec.), 16.1 (prim.)
ppm. IR (CDCl3): ν 2979 (C-H), 2944 (C-H), 2874 (C-H), 1726 (C=O), 1075 (C-O) cm-1. GCMS(EI): m/e
(%) 192 (<1, M+), 127 (100, M+-C5H5), 66 (<1, C5H6+). HRMS(EI): m/e 192.11493 [calc. for C12H16O2 (M+)
192.11503].
6-n-Butoxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8d.
Following general procedure A using n-butanol (2 ml), 2.5 N NaOH (0.2 ml), and
tricyclodecadienone 3 (0.059 g, 0.4 mmol) at room temperature for 2 h, n-butoxytricyclo-
decenone 8d (0.058 g) was obtained as a colorless oil in 65% yield after purification by
preparative TLC (EtOAc/hexane = 1/3).
1H NMR (400 MHz, CDCl3): δ 6.21 (dd, 3J9,8=5.6 Hz, 3J9,1=2.8Hz, 1H, H9), 6.13 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8
Hz, 1H, H8), 3.52 (m, 3J=5.9 Hz, 1H, OCH2CH2CH2CH3), 3.46 (m, 3J=5.9Hz, 1H, OCH2CH2CH2CH3), 3.16
(m, 3J1,9=2.8 Hz, 3J1,2=4.5 Hz, 1H, H1), 3.13 (d, 3J7,8=2.8 Hz, 1H, H7), 2.70 (d, 3J2,1=4.5 Hz, 1H, H2), 2.47 (m,
1H, H4x), 2.19 (m, 1H, H5x) 2.07 (m, 1H, H4n), 2.01 (d, 2J10s,10a=8.3 Hz, 1H, H10s), 1.82 (m, 1H, H5n), 1.71 (d,
2J10s,10a=8.3 Hz, 1H, H10a), 1.55 (m, 3J=7.4 Hz, 2H, CH2CH2CH2CH3), 1.37 (m, 3J=7.4 Hz, 2H,
CH2CH2CH2CH3),  0.93 (d, 3J=7.4 Hz, 3H, CH2CH2CH2CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ
219.4 (quat.), 138.5, 134.5 (tert.), 92.4 (quat.), 63.0 (sec.), 62.1, 49.9, 45.5 (tert.), 50.4, 42.3, 32.6, 28.3, 19.5,
(sec.), 13.9 (prim.) ppm. IR (CDCl3): ν 2963 (C-H), 2938 (C-H), 2874 (C-H), 1726 (C=O), 1081 (C-O) cm-1.
GCMS(EI): m/e (%) 220 (<1, M+), 155 (100, M+-C5H5), 66 (22, C5H6+). HRMS(EI): m/e 220.146330 [calc.
for C14H20O2 (M+) 220.1463308].
6-Isopropoxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8e.
Following general procedure A using iso-propanol (2 ml), 2.5 N NaOH (0.2 ml), and
tricyclodecadienone 3 (0.059 g, 0.4 mmol) at room temperature for 6 h, isopropoxytricyclo-
decenone 8e (0.029 g) was obtained as a colorless oil in 35% yield after purification by
preparative TLC (EtOAc/hexane = 1/3). Also byproduct hydroxytricyclodecenone 8a (0.014
g) was obtained as white solid in 20% yield.
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1H NMR (500 MHz, CDCl3): δ 6.20 (dd, 3J9,8=5.6 Hz, 3J9,1=2.8 Hz, 1H, H9), 6.13 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8
Hz, 1H, H8), 3.87 (m, 3J=5.9 Hz, 1H, CH(CH3)2 ), 3.16 (m, 3J1,9=2.8 Hz, 3J1,2=4.5 Hz 1H, H1), 3.10 (d,
3J7,8=2.8 Hz, 1H, H7), 2.69 (d, 3J2,1=4.5 Hz, 1H, H2), 2.50 (m, 1H, H4x), 2.18 (m, 1H, H5x) 2.07 (m, 1H, H4n),
2.06 (d, 2J10s,10a=8.0 Hz, 1H, H10s), 1.87 (m, 1H, H5n), 1.72 (d, 2J10s,10a=8.0 Hz, 1H, H10a), 1.21 (d, 3J=5.9 Hz,
6H, CH(CH3)2 ) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 219.2 (quat.), 138.6, 134.5 (tert.), 93.1 (quat.),
66.9, 62.7, 51.1 (tert.), 50.4 (sec.), 45.6 (tert.), 42.3, 29.7 (sec.), 25.0(2X) (prim.) ppm. IR (CDCl3): ν 2977
(C-H), 2945 (C-H), 2868 (C-H), 1727 (C=O), 1046 (C-O) cm-1. GCMS(EI): m/e (%) 206 (<1, M+), 141 (100,
M+-C5H5), 66 (18, C5H6+). HRMS(EI): m/e 206.130780 [calc. for C13H18O2 (M+) 206.130680].
5-Oxo-endo-tricyclo[5.2.1.02,6]dec-8-ene-2-carbonitrile 8f.
To a solution of tricyclodecadienone 3 (0.170 g, 1.16 mmol) in acetonitrile (50 ml) was added
KCN (0.300 g, 4.6 mmol) and the suspension was stirred for 3 days at room temperature to
complete the reaction. After filtration over celite and removal of the solvent under reduced
pressure, product 8f (0.190 g) was obtained as a colorless oil in 95% yield.
1H NMR (400 MHz, CDCl3): δ 6.28 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H9), 6.23 (dd, 3J9,8=5.7 Hz, 3J9,1=3.2
Hz, 1H, H8), 3.42 (brs, 1H, H7), 3.38 (brs, 1H, H1), 3.28 (d, 3J2,1=4.6 Hz, 1H, H2), 2.38 (m, 2H, H5), 2.1-2.0
(m, 2H, H4), 1.94 (d, 2J10s,10a=8.6 Hz, 1H, H10s), 1.64 (d, 2J10a,10s=8.6 Hz, 1H, H10a) ppm. 13C NMR (100 MHz,
H-dec, CDCl3): δ 215.4 (quat.), 138.6, 133.4 (tert.), 125.6 (quat.), 61.3, 53.2 (tert.), 52.0 (sec.), 47.0 (tert),
49.9 (sec.), 44.0 (quat.), 28.3 (sec.) ppm. IR (CCl4): ν 2978 (C-H), 2867 (C-H), 2230 (C≡N) 1744 (C=O)
cm
-1
. GCMS(EI): m/e (%) 173 (<1, M+), 107 (2, M+-C5H5), 66 (100, C5H6+). HRMS(EI): m/e 173.0841 [calc.
for C11H11NO (M+) 173.0841].
Diethyl 2-(5-oxo-endo-tricyclo[5.2.1.02,6]dec-8-en-2-yl)malonate 8g.
To a solution of diethylmalonate (0.40 g, 2.5 mmol) in acetonitrile (60 ml) was added
NaH (0.08 g, 2.0 mmol, 60% dispersion in mineral oil). After 30 min. stirring at room
temperature tricyclodecadienone 3 (0.120 g, 0.75 mmol) was added. The reaction
mixture was monitored (GC/TLC) and stirred for 5 days at room temperature and then
aqueous work-up afforded the crude product. Product 8g (0.168 g, 0.55 mmol) was obtained as a colorless oil
in 73% yield after purification by column chromatography (EtOAc/hexane = 1/12).
1H NMR (400 MHz, CDCl3): δ 6.32 (dd, 3J8,9=5.6 Hz, 3J8,7=3.4 Hz, 1H, H9), 6.20 (dd, 3J9,8=5.6 Hz, 3J9,1=2.9
Hz, 1H, H8), 4.21 (m, 4H, OCH2CH3), 3.62 (s, 1H, CH(COOEt)2), 3.20 (brs, 1H, H7), 3.10 (brs, 1H, H1), 2.72
(d, 3J2,1=4.5 Hz, 1H, H2), 2.31 (m, 2H, H5), 2.0-1.7 (m, 2H, H4), 1.57 (s, 2H, H10) 1.32 (t, 3J=7.1 Hz, 3H,
OCH2CH3), 1.25 (t, 3J=7.1 Hz, 3H, OCH2CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 220.5, 169.0,
168.6 (quat.), 136.5, 136.3, 61.8 (tert.), 61.4(2X) (sec.), 60.9 (tert.), 52.9 (quat.), 51.4 (sec.), 49.9 (tert.), 47.9,
41.0 (sec..), 26.9 (tert.), 14.1, 14.0 (prim.) ppm. IR (CCl4): ν 2983 (C-H), 2865 (C-H), 1750 (C=O), 1732
(C=O, broad signal) cm-1. MS(CI): m/e (%) 307 (,1, M+H+), 241 (100, M+H+-C5H6), 66 (52, C5H6+).
HRMS(EI): m/e 306.1466 [calc. for C17H22O5 (M+) 306.1467].
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6-Methyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8h and 6-methyl-exo-tricyclo[5.2.1.02,6]dec-8-en-3-one 9h.
Following general procedure B  using 1.6 M MeLi (2.5 ml, 4 mmol), CuI (0.380 g, 2 mmol)
and tricyclodecadienone 3 (0.116 g, 0.8 mmol) the reaction was completed in 15 min. A
mixture (0.106 g) of 8h (91%) and 9h (9%) was obtained as a colorless oil in 82% total yield
after purification by preparative TLC (EtOAc/hexane = 1/7).
8h: 1H NMR (400 MHz, CDCl3): δ 6.31 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8 Hz, 1H, H8), 6.12 (dd,
3J9,8=5.7 Hz, 3J9,1=2.8 Hz, 1H, H9), 3.16(m, 3J1,9=2.8 Hz, 3J1,2=4.5 Hz, 1H, H1), 2.64 (d,
3J7,8=2.8 Hz, 1H, H7), 2.40 (d, 3J2,1=4.5 Hz, 1H, H2), 2.26 (m, 1H, H4x), 2.05 (m, 1H, H4n),
1.75 (m, 1H, H5n), 1.72 (d, 2J10s,10a=8.0 Hz, 1H, H10s), 1.62 (m, 1H, H5x),1.60 (d, 2J10a,10s=8.0
Hz, 1H, H10a), 1.39 (s, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 222.0 (quat.),
137.4, 135.5 (tert.), 62.5, 53.7, 47.4 (tert.), 47.7 (quat.), 50.7, 41.5, 31,6 (sec.), 29.7 (prim.) ppm. IR (CDCl3):
ν 2965 (C-H), 1720 (C=O) cm-1. GCMS(EI): m/e (%) 162 (<1, M+), 97 (84, M+-C5H5), 66 (100, C5H6+).
HRMS(EI): m/e 162.104450 [calc. for C11H14O (M+) 162.104464].
9h: The spectra below was recorded from a mixture of 8h and 9h.
1H NMR (400 MHz, CDCl3): δ 6.25 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8 Hz, 1H, H8), 6.18 (dd, 3J9,8=5.7 Hz, 3J9,1=2.8
Hz, 1H, H9), 3.06 (m, 3J1,9=2.8 Hz, 3J1,2=4.5 Hz, 1H, H1), 2.58 (d, 3J7,8=2.8 Hz, 1H, H7) ppm. The other
signals overlap with 1H NMR signals of 8h.
6-n-Butyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8i and 6-n-butyl-exo-tricyclo[5.2.1.02,6]dec-8-en-3-one 9i.
Following general procedure B  using 1.6 M n-BuLi (2.4 ml, 3.8 mmol), CuI (0.380 g, 2
mmol) and tricyclodecadienone 3 (0.120 g, 0.82 mmol) the reaction was completed in 15
min. A mixture (0.154 g) of 8i (95%) and 9i (5%) was obtained as a colorless oil in 92% total
yield after purification by preparative TLC (EtOAc/hexane = 1/7).
8i: 1H NMR (400 MHz, CDCl3): δ 6.29 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8 Hz, 1H, H8), 6.13 (dd,
3J9,8=5.7 Hz, 3J9,1=2.8 Hz, 1H, H9), 3.14 (m, 3J1,9=2.8 Hz, 3J1,2=4.5 Hz, 1H, H1), 2.78 (d,
3J7,8=2.8 Hz, 1H, H7), 2.44 (d, 3J2,1=4.5 Hz, 1H, H2), 2.20 (m, 1H, H4x), 2.06 (m, 1H, H4n),
1.75 (m,1H, H5n), 1.70 (d, 2J10s,10a=8.0 Hz, 1H, H10s), 1.61 (t, J=5.9 Hz, 2H,
CH2CH2CH2CH3), 1.62 (m, 1H, H5x), 1.55 (d, 2J10a,10s=8.0 Hz, 1H, H10a), 1.40 (m, 4H, CH2CH2CH2CH3),
0.93 (t, 3J=5.9 Hz, 3H, CH2CH2CH2CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 222.2 (quat.), 137.2,
135.8 (tert.), 61.1 (tert), 51.8 (quat.), 51.2, 47.2 (tert.), 50.3, 41.9, 41.5, 28.5, 27.5, 23.4 (sec.), 14.0(prim.)
ppm. IR (CDCl3): ν 2961 (C-H), 2933 (C-H), 2874 (C-H), 1722 (C=O) cm-1. GCMS(EI): m/e (%) 204 (<1,
M+), 139 (100, M+-C5H5), 65 (6, C5H5+). HRMS(EI): m/e 204.14733 [calc. for C14H20O (M+) 204.15142].
9i: The spectra below was recorded from a mixture of 8i and 9i.
1H NMR (400 MHz, CDCl3): δ 6.21 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8 Hz, 1H, H8 or H9, 6.16 (dd, 3J9,8=5.7 Hz,
3J9,1=2.8 Hz, 1H, H9 or H8, 3.06 (br, 1H, H1), 2.66 (br, 1H, H7) ppm. The other signals overlap with 1H NMR
signals of 9h. 13C NMR (100 MHz, H-dec, CDCl3): δ 222.0 (quat.), 137.6, 136.4 (tert.), 60.4 (tert), 53.4
(quat.), 52.1, 47.3 (tert.), 50.3, 46.1, 40.2, 30.6, 27.7, 23.3 (sec.), 13.7 (prim.) ppm.
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Ethyl 5-oxo-endo-tricyclo[5.2.1.02,6]decane-2-carboxylate 12.
A mixture of Herz ester 2 (4.36 g, 20 mmol) and palladium (0.436 g, 10%) on activated
carbon in absolute ethanol (120 ml) was hydrogenated (1 atm.) at room temperature. The
reaction was completed after 7 h (GC). The mixture was filtered and concentrated in vacuo
to give almost pure product 12  (4.2 g) as a colorless oil in 95% yield. An analytical pure
sample was obtained by column chromatography (EtOAc/hexane = 1/10).
1H NMR (400 MHz, CDCl3): δ 4.17 (q, 3J=7.1Hz, 2H, CH2CH3), 3.10 (d, 3J=5.7 Hz, 1H, H6), 2.77 (d,
3J2,1=3.9 Hz, 1H, H7), 2.63 (dd, 3J1,2=3.9 Hz, 3J1,9=5.7 Hz, 1H, H1 ), 2.48 (m, 1H, H4x), 2.37-2.19 (m, 2H),
2.05-1.96 (m, 1H, H4n), 1.64-1.53 (m, 3H),  1.48-1.42 (m, 2H), 1.30-1.25 (m, 1H), 1.27 (t, 3J=7.1 Hz, 3H,
CH2CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 220.4, 177.0 (quat.), 61.0 (tert.), 58.6 (quat.), 57.4,
45.6, 41.0 (tert.), 40.9, 40.8, 25.7, 24.7, 23.1 (sec.), 14.1 (prim.) ppm. IR (CDCl3): ν 2979 (C-H), 2944
(C-H), 2874 (C-H), 1726 (C=O), 1075 (C-O) cm-1. GCMS(EI): m/e (%) 223 (6, M++1), 222 (2, M+), 155 (68,
M+-C5H8+1),  149 (100, M+-CO2C2H5). HRMS(EI): m/e 222.125660 [calc. for C13H18O3 (M+) 222.125592].
5-Oxo-endo-tricyclo[5.2.1.02,6]decane-2-carboxylic acid 32.
To a solution of ester 12 (4.0 g, 18 mmol) in methanol (30 ml) at 0-5 °C was added dropwise
0.1 N NaOH aq. (300 ml) . The mixture was stirred at 0-5 °C for 8 h and then at room
temperature overnight. Then the mixture was neutralized and concentrated, followed by
extraction with dichloromethane (3x). The organic layers were combined and washed with
brine, dried over MgSO4 and concentrated in vacuo to yield white solid 32 (3.4 g, 97%). An analytical pure
sample was obtained by crystallization from diisopropyl ether, m.p. 129-130 °C.
1H NMR (400 MHz, CDCl3): δ 10.1 (br, 1H, COOH), 3.09 (d, 3J2,1=4.5 Hz, 1H, H6), 2.81 (d, 3J7,8=4.5 Hz,
1H, H7), 2.65 (dd, 3J1,2=4.5 Hz, 3J1,9=4.5 Hz ,1H, H1), 2.64-2.51 (m, 1H, H4x), 2.41-2.22 (m, 2H), 2.17-2.09
(m, 1H, H4n), 1.69-1.57 (m, 3H), 1.50-1.44 (m, 2H), 1.31-1.25 (m, 1H) ppm. 13C NMR (100 MHz, H-dec,
CDCl3): δ 220.3, 183.2, 58.3 (quat.), 57.5, 45.5, 40.9 (tert.), 41.0, 40.8, 25.7, 24.7, 23.0 (sec.) ppm. IR
(CDCl3): ν 2971 (C-H), 2926 (C-H), 2876 (C-H), 1726 (C=O), 1687 (C=C) cm-1. GCMS(EI): m/e (%) 195
(56, M++1), 194 (3, M+), 155 (100, M+-C5H5), 66 (22, C5H6+). HRMS(EI): m/e 194.09430 [calc. for C11H14O3
(M+) 194.09429].
6-Phenylselenyl-endo-tricyclo[5.2.1.02,6]decan-3-one 14.
Starting with acid 32 (2.91 g, 15 mmol), following the literature procedure14 using
N-hydroxypyridin-2-thione sodium salt (2.68 g, 18 mmol) and diphenyl diselenide (7.8 g, 25
mmol) product 14 (4.1 g, 13.4 mmol) was obtained in 90% yield after purification by column
chromatography (EtOAc/heptane = 1/20), m.p. 87-88 °C.
1H NMR (400 MHz, CDCl3): δ 7.62 (m, 2H, C6H5), 7.30 (m, 3H, C6H5), 2.63 (dd, 3J1,2=4.5 Hz, 3J1,9=4.5 Hz,
1H, H1), 2.58 (d, 3J=4.5 Hz, 2H, H7 & H2), 2.49-2.40 (m, 2H), 2.32-2.22 (m, 3H), 1.61-1.55 (m, 3H),
1.52-1.42 (m, 1H), 1.23-1.18 (m, 1H) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 219.3, 129.0, 59.0
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(quat.), 136.4, 128.9(2X), 128.5(2X), 62.1, 49.1, 41.6 (tert.), 42.0, 41.5, 31.0, 24.7, 24.3 (sec.) ppm. IR
(CDCl3): ν 2970,2886(C-H), 1728(s, C=O) cm-1. GCMS(EI): m/e (%) 307(3, M++H), 305(2, M+-H),
149(100, M+-PhSe). HRMS(EI): m/e 306.05228 [calc. for C16H18O80Se (M+) 306.05232].
Tricyclo[5.2.1.02,6]dec-2(6)-en-3-one 15.
Phenylselenyltricyclodecanone 14 (0.305 g, 1 mmol) in methanol (50 ml) was treated with a
solution of sodium periodate (0.236 g) in water (1 ml) at 0-5 °C (ice water) for 2 h. Methanol
was evaporated and the crude product was purified by preparative TLC (EtOAc/hexane = 1/2)
to give tricyclodecenone 15 (0.120 g) as a colorless oil in 81% yield.
1H NMR (400 MHz, CDCl3): δ 3.18 (brs, 1H, H1), 3.10 (brs, 1H, H7), 2.68 (d, J=17.1 Hz, 2H,
H4), 2.50 (d, J=17.1 Hz, 2H, H5), 1.90 (m, 1H, H8x), 1.79 (m, 2H, H9x & H10s), 1.48 (d, J=8.7 Hz 1H, H10),
1.10 (m, 2H, H8n & H9n) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 201.8, 190.5, 150.9 (quat.), 50.6, 39.9
(sec.), 43.9, 37.6 (tert.), 26.0, 24.9, 24.3 (sec.) ppm. IR (CDCl3): ν 2971, 2926, 2876(C-H), 1687(C=O) cm-1.
GCMS(EI): m/e (%) 149 (100, M++H), 148 (5, M+) 92 (25, M+-CH2CH2CO). HRMS(EI): m/e 148.08871
[calc. for C10H12O (M+) 148.08881].
6-Methoxy-endo-tricyclo[5.2.1.02,6]decan-3-one 16b.
Following general procedure A using methanol (2 ml), 2.5 N NaOH (0.2 ml), and
tricyclodecenone 15 (0.080 g, 0.54 mmol) at 0-5 °C for 15 min., then at room temperature for
20 h methoxytricyclodecanone 16b (0.063 g) was obtained as a colorless oil in 65% yield
after purification by preparative TLC (EtOAc/hexane = 1/3). Starting material 15 (0.024 g)
was recovered in 30% yield.
1H NMR (400 MHz, CDCl3): δ 3.24 (s, 3H, OCH3), 2.63 (s, 1H, H1), 2.61 (s, 1H, H7), 2.56 (m, 1H, H5n),
2.39 (d, J=6.0 Hz, 1H, H2), 2.25 (m, 1H, H4n), 2.23 (m, 1H, H4x), 2.06 (m, 1H, H5x), 1.92 (dt, 2J10a,10s=9.1 Hz,
4J10a,8n & 9n=1.7 Hz, 1H, H10a), 1.64 (m, 2J8x,8n=12.6 Hz, 3J8x,9=3.5 Hz, 1H, H8x), 1.43 (m, 1H, H9x), 1.36 (d,
2J10s,10a=9.1 Hz, 1H, H10s), 1.28 (m, 1H, H8n), 1.18 (m, 1H, H9n) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ
219.9, 91.7 (quat.), 61.7 (prim.), 49.8, 43.7 (tert.), 41.8 (sec.), 40.5 (tert.), 39.2 25.5, 24.5, 22.8 (sec.) ppm.
IR (CDCl3): ν 2970(C-H), 2890 (C-H), 1728 (C=O) cm-1. GCMS(EI): m/e (%) 180 (45, M+), 165 (19,
M+-CH3), 149 (100, M+-OCH3), 113 (46, M+-C5H7+). HRMS(EI): m/e 180.11499 [calc. for C11H16O2 (M+)
180.11503].
6-Methyl-endo-tricyclo[5.2.1.02,6]decan-3-one 16h.
Following general procedure B  using 1.6 M MeLi (2.5 ml, 4 mmol), CuI (0.380 g, 2 mmol)
and tricyclodecenone 15 (0.110 g, 0.75 mmol) the reaction was completed in 2 h.
Methyltricyclodecanone 16h (0.100 g) was obtained as a colorless oil in 82% yield after
purification by preparative TLC (EtOAc/hexane = 1/7).
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1H NMR (400 MHz, CDCl3): δ 2.54 (dd, J=8.0 Hz, J=4.0 Hz, 1H), 2.47-2.38 (m, 1H, H4x), 2.31-2.21 (m,
1H), 2.12-2.03 (m, 3H), 1.77 (d, 2J10s,10a=9.8 Hz, 1H, H10s), 1.62-1.48 (m, 3H), 1.47-1.42 (m, 1H), 1.39 (d,
2J10s,10a=9.8 Hz, 1H, H10s), 1.22-1.15 (m, 1H), 1.17 (s, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ
223.0 (quat.), 61.7, 48.5 (tert.), 47.5 (quat.), 41.7, 40.3 (sec.), 41.6, 30.3 (tert.), 29.8, 24.4, 24.1 (sec.) ppm.
IR (CDCl3): ν 2964(C-H), 2885 (C-H), 1717 (C=O) cm-1. GCMS(EI): m/e (%) 165 (20, M++1), 164 (1, M+),
97 (100, M+-C5H8), 67 (8, C5H8+-1). HRMS(EI): m/e 164.11976 [calc. for C11H16O (M+) 164.12012].
6-n-Butyl-endo-tricyclo[5.2.1.02,6]decan-3-one 16i.
Following general procedure B  using 1.6 M n-BuLi (2.0 ml, 3.2 mmol), CuI (0.314 g, 1.65
mmol) and tricyclodecenone 15 (0.110 g, 0.75 mmol) the reaction was completed in 2 h.
n-Butyltricyclodecanone 16i (0.102 g) was obtained as a colorless oil in 85% yield after
purification by preparative TLC (EtOAc/hexane = 1/7).
1H NMR (400 MHz, CDCl3): δ 2.53 (dd, 3J1,2=4.5 Hz, 3J1,9=4.5 Hz 1H, H1), 2.44-2.34 (m, 1H), 2.31-2.21 (m,
1H), 2.20 (br, 1H, H7), 2.08 (d, 3J2,1=4.5 Hz, 1H, H2), 2.01-1.94 (m, 1H), 1.75 (d, 2J10s,10a=9.8 Hz, 1H, H10s),
1.70-1.64 (m, 1H),  1.56-1.39 (m, 4H), 1.34 (d, 2J10a,10s=9.8 Hz, 1H, H10a), 1.33-1.17 (m, 6H), 0.91 (t, 3J=7.1
Hz, 3H,CH2CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 223.3 (quat.), 60.6 (tert.), 51.1, 50.4, 41.4
(tert.), 42.3, 41.6, 40.0, 26.9, 26.5, 24.9, 24.1, 23.4 (sec.), 14.0 (prim.) ppm. IR (CDCl3): ν 2964(C-H),
2938(C-H), 2885(C-H), 2864 (C-H), 1718 (C=O), 1183 (C-H) cm-1. GCMS(EI): m/e (%) 207 (53, M++1),
139 (100, M+-C5H8+1), 67 (7, C5H8+-1). HRMS(EI): m/e 206.16696 [calc. for C14H22O (M+) 206.16707].
endo-Tetracyclo[4.3.1.12,5.01,6]undec-3-en-7-one 18.
A mixture of trimethylsulfoxonium iodide (0.198 g, 0.9 mmol) and sodium hydride (0.036 g,
60%, 0.9 mmol) in dry DMSO (2 ml) under argon atmosphere was stirred for 30 min. A
solution of tricyclodecadienone 3 (110 g, 0.75 mmol) in dry THF (2 ml) was added to the
mixture in one portion and the mixture was stirred for 1 h. The reaction was quenched with
water (20 ml) and extracted with diisopropyl ether (3x). The organic layers were combined, washed with
water, brine and dried over MgSO4. After evaporating the solvent in vacuo, the crude product was purified
by preparative TLC (EtOAc/hexane = 1/6) and tetracycloundecenone 18 (0.080 g) was obtained as a
colorless oil in 67% yield.
1H NMR (400 MHz, CDCl3): δ 6.60 (dd, 3J4,3=5.6 Hz, 3J4,5=2.8 Hz, 1H, H4), 6.44 (dd, 3J3,4=5.6 Hz, 3J3,2=2.8
Hz, 1H, H3), 3.00 (m, 1H, H5), 2.92 (d, 3J2,3=2.8 Hz, 1H, H2), 2.54 (m, 3J8x,8n=17.6 Hz, 3J8x,9x=8.8 Hz, 1H,
H8x), 2.39 (d, 2J10a,10s=8.0 Hz, 1H, H10a), 2.15 (dd, 3J8n,8x=17.6 Hz, 3J8n,9n=9.6 Hz, 1H, H8n), 1.96 (dd,
3J9x,9n=12.7 Hz, 3J9x,8x=8.8 Hz, 1H, H9x), 1.78 (m, 1H, H9n), 1.70 (d, 2J10s,10a=8.0 Hz, 1H, H10s), 1.35 (d,
2J11s,11a=9.8 Hz, 1H, H11a), 1.35 (d, 2J11a,11s=9.8 Hz, 1H, H11s) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ
214.3 (quat.), 142.7, 140.7 (tert.), 49.4, 46.1 (quat.), 45.1, 40.0 (sec.), 43.8, 40.1(tert.), 28.5, 23.5 (sec.) ppm.
IR (CDCl3): ν 2980 (C-H), 2940 (C-H), 2872 (C-H), 1718 (C=O) cm-1. GCMS(EI): m/e (%) 161 (11, M++1),
160 (6, M+), 117 (100). HRMS(EI): m/e 160.088810 [calc. for C11H12O (M+) 160.088815].
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10-Oxa-endo-tetracyclo[4.3.1.12,5.01,6]undec-3-en-7-one 19.
Hydrogen peroxide (0.680 g, 35% aq., 7 mmol) was added to a solution of tricyclodecadienone
3 (0.101 g, 0.7 mmol) in dichloromethane (10 ml) at 0-5 °C, followed by the addition of NaOH
aq. (0.900 g, 5%, 1.1 mmol). After stirring overnight at room temperature, the reaction was
complete (GC). Then sat. NH4Cl aq. (10 ml) was added and the mixture was extracted with
dichloromethane (2x). The organic layers were combined and dried over MgSO4. After evaporating the
solvent in vacuo, the crude product (0.115 g) was purified by preparative TLC (EtOAc/hexane = 1/2).
Epoxide 19 (0.070 g) was obtained as a colorless oil in 61% yield. Byproduct 8a (0.022 g) was obtained as a
white solid in 19% yield.
1H NMR (400 MHz, CDCl3): δ 6.54 (m, 2H, H3 & H4), 3.06 (m, 1H, H5), 3.03 (m, 1H, H2), 2.76 (m, 1H,
H8x), 2.28 (m, 2H, H8n & H9x), 2.03 (d, 2J11a,11s=8.0 Hz,1H, H11a), 1.88 (m, 1H, H9n), 1.68 (d, 2J11s,11a=8.0 Hz,
1H, H11s) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.1 (quat.), 141.7(2X) (tert.), 79.5, 73.2 (quat.),
44.6, 40.0 (tert.), 46.9, 39.4, 21.3 (sec.) ppm. IR (CDCl3): ν 2999(C-H), 2962(C-H), 1743(C=O) cm-1.
GCMS(EI): m/e (%) 163 (9, M++1), 162 (9, M+), 134 (M+-CO), 91 (100), 65 (26, C5H5+). HRMS(EI): m/e
162.068080 [calc. for C10H10O2 (M+) 162.068030].
2-Methoxy-6-hydroxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 20b.
Hydrogen peroxide  (60 mg 35%, 0.6 mmol) was added to a solution of 3 (0.088 g, 0.6
mmol) in dichloromethane/methanol (10 ml, 1:1) at room temperature, followed by the
addition of KOH aq. (0.680 g, 5%, 0.6 mmol). After 30 minutes, the reaction was complete
(GC). Then sat. NH4Cl aq. (10 ml) was added and the mixture was extracted with
dichloromethane (2x). The organic layers were combined and dried over MgSO4. After evaporating the
solvent in vacuo, the crude product (120 mg) was purified by preparative TLC (EtOAc/hexane = 1/2).
Disubstituted tricyclodecenone 20b (0.099 g) was obtained as a white solid in 85% yield and recrystalized
from iso-propanol m.p. 62-63 °C. Also epoxide 19 (0.009 g) was obtained as a colorless oil in 9% yield.
Alternative synthesis of 2-Methoxy-6-hydroxy-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 20b from epoxide 19.
To a solution of epoxide 19 (0.020 g, 0.123 mmol) in methanol (1 ml) was added dropwise a solution of NaH
(0.010 g, 60%, 0.25 mmol) in methanol at 0 °C (ice-water). After 10 min. the reaction was complete (GC)
and only disubstituted tricyclodecenone 20b was obtained.
1H NMR (400 MHz, CDCl3): δ 6.21 (dd, 3J8,9=5.7 Hz, 3J8,7=2.8 Hz, 1H, H8 or H9 , 5.95 (dd, 3J9,8=5.7 Hz,
3J9,1=2.8 Hz, 1H, H9 or H8), 3.76 (s, 1H, OH), 3.57 (s, 3H, CH3), 3.11 (br, 1H, H7 or H1), 2.83 (br, 1H, H7 or
H1), 2.64 (m, 1H, H4x), 2.12 (d, 2J10s,10a=8.0 Hz, 1H, H10s), 2.06 (m, 2H, H4n, H5x), 1.85 (m, 1H, H5n), 1.84 (d,
2J10s,10a=8.0 Hz, 1H, H10a) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 215.2 (quat.), 137.4, 134.7 (tert.),
86.7, 83.4 (quat.), 53.6 (prim.), 52.7, 43.9 (sec.), 48.6, 40.1, 32.8 (tert.) ppm. IR (CDCl3): ν 3446 (O-H),
2999 (C-H), 2959 (C-H), 1720 (C=O), 1135 (C-O) cm-1. GCMS(EI): m/e (%) 194(1, M+), 177(2, M+-OH),
129(74, M+-C5H5), 128(100, M+-C5H5-1), 66(20, C5H5++1). HRMS(EI): m/e 194.094070 [calc. for C11H14O3
(M+) 194.094292].
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3-Hydroxy-2-methoxy-cyclopent-2-enone 22a.
Flash vacuum thermolysis of 20b (9 mg 0.046 mmol) was carried out as described in
appendix I (sublimation oven: 110 °C, FVT oven: 500 °C). Purification by preparative TLC
(EtOAc/hexane = 1/1) provided product 22a (0.005 g, 85% yield) as a slightly yellow
colored solid, which was recystallized from iso-propanol, m.p. 134-135 °C.
1H NMR (100 MHz, CDCl3): δ 6.58 (br, 1H, OH ), 3.83 (3H, OCH3), 2.49(s, 4H, CH2) ppm. 1H NMR (400
MHz, CDCl3): δ 5.75-4.25 (very broad, 1H, OH ), 3.86 (3H, OCH3), 2.47(s, 4H, CH2) ppm. 13C NMR (100
MHz, H-dec, CDCl3): δ 186.0(2X) (quat.), 135.4 (tert.), 59.0 (prim.), 27.1(2X) (sec.) ppm. IR (CDCl3): ν
3506 (O-H), 2940 (C-H), 2959 (C-H), 1745 (weak, C=O), 1703 (weak, C=O), 1593 (strong, C=C),1116
(C-O) cm-1. GCMS(EI): m/e (%)129 (40, M++1),128 (90, M+), 110 (5, M+-18), 71 (14, M+-57), 57 (100,
C3H4O+1), 128 (100, M+-C5H5-1), 66 (20, C5H5++1).
Alternative synthesis of 3-Hydroxy-2-methoxy-cyclopent-2-enone 22a.
Cyclopentenoid 22a was synthesized according to a procedure by Heese9 and analyzed. The analytical data
are in agreement with those of the cycloreversion product 22a described above. Product 22a was obtained as
a slightly yellow colored solid, which was recystallized from iso-propanol, m.p. 134-135°C.
1H NMR (100 MHz, CDCl3): δ 10.32 (s,br,1H, OH ), 3.81(3H, CH3), 2.52(s, 4H, CH2) ppm. 13C NMR (75
MHz, H-dec, CDCl3): δ 189.1 (quat.), 135.2 (tert.), 59.2 (prim.), 27.3 (sec.) ppm. IR (CDCl3): ν 3502 (O-H),
2939 (C-H), 2944 (C-H), 1702 (weak, C=O), 1626 (strong, C=C), 1446, 1365, 1113 (C-O) cm-1.
endo-3-Methyl-5-oxo-endo-tricyclo[5.2.1.02,6]dec-8-ene-2-carbonitrile 29a.
To a solution of methyltricyclodecadienone 255 (0.150 g, 0.94 mmol) in ether (60 ml) was
added KCN (0.200 g, 3.1 mmol) and 18-crown-6 ether (0.264 g, 1 mmol). The suspension
was stirred overnight at room temperature to complete the reaction. After standard work-up
procedure and purification by column chromatography (EtOAc/hexane = 1/8), product 29a
(0.153 g, 0.82 mmol) was obtained as a colorless oil in 87% yield
1H NMR (400 MHz, CDCl3): δ 6.26 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H9), 6.19 (dd, 3J9,8=5.7 Hz, 3J9,1=2.8
Hz, 1H, H8), 3.40 (brs, 1H, H7), 3.36 (brs, 1H, H1), 3.34 (d, 3J2,1=5.2 Hz, 1H, H2), 2.75 (m, 1H, H5), 2.32 (dd,
2J=18.8 Hz, 3J=9.5 Hz, 1H, H4x), 1.95 (d, 2J10s,10a=9.3 Hz, 1H, H10s), 1.80 (dd, 2J=18.8 Hz, 3J=12.5 Hz, 1H,
H4n), 1.78 (d, 2J10a,10s=9.3 Hz, 1H, H10a), 1.26 (d, 3J=7.0 Hz, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec,
CDCl3): δ 215.1 (quat.), 138.6, 134.0 (tert.), 125.4 (quat.), 62.0 (tert.), 52.5 (sec.), 51.0, 47.3 (tert.), 48.0
(quat.), 47.0 (sec.), 36.2 (tert..), 15.1 (prim.) ppm. IR (CCl4): ν 2976 (C-H), 2880 (C-H), 2231 (C≡N) 1743
(C=O) cm-1. GCMS(EI): m/e (%) 187 (<1, M+), 66 (100, C5H6+). HRMS(EI): m/e 187.0995 [calc. for
C12H13NO (M+) 187.0997].
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Diethyl 2-(endo-3-methyl-5-oxo-endo-tricyclo[5.2.1.02,6]dec-8-en-2-yl)malonate 29b.
To a solution of diethylmalonate (0.40 g, 2.5 mmol) in toluene (40 ml) was added NaH
(0.08 g, 60%, 2.0 mmol). After 30 min. stirring at room temperature methyltricyclo-
decadienone 255 (0.101 g, 0.63 mmol) in DMSO (2 ml) and 15-crown-5 ether (0.220 g,
1 mmol) were added. The reaction mixture was heated under reflux until completion
(GC/TLC: 4 days) and then aqueous work-up afforded the crude product. Product 29b (0.152 g, 0.48 mmol)
was obtained as a colorless oil in 76% yield after purification by columnchromatography (EtOAc/hexane =
1/5).
1H NMR (400 MHz, CDCl3): δ 6.37 (dd, 3J8,9=5.6 Hz, 3J8,7=3.2 Hz, 1H, H9), 6.14 (dd, 3J9,8=5.6 Hz, 3J9,1=3.0
Hz, 1H, H8), 4.20 (m, 4H, OCH2CH3), 3.60 (s, 1H, CH(COOEt)2), 3.31 (brs, 1H, H7), 3.14 (brs, 1H, H1), 3.01
(m, 1H, H5), 2.72 (d, 3J2,1=4.8 Hz, 1H, H2), 2.46 (dd, 2J=18.7 Hz, 3J=9.6 Hz, 1H, H4x), 1.66 (dd, 2J=18.7 Hz,
3J=11.0 Hz, 1H, H4n), 1.70 (d, 2J10s,10a=9.1 Hz, 1H, H10s), 1.66 (d, 2J10a,10s=9.1 Hz, 1H, H10a), 1.31 (t, 3J=7.1
Hz, 3H, OCH2CH3), 1.26 (t, 3J=7.1 Hz, 3H, OCH2CH3), 0.98 (d, 3J=7.0 Hz, 3H, CH3) ppm. 13C NMR (100
MHz, H-dec, CDCl3): δ 218.7, 169.0, 168.5 (quat.), 136.9, 136.4, 62.7 (tert.), 61.6, 61.4 (sec.), 60.7 (tert.),
56.4 (quat.), 50.9, 50.0 (sec.), 49.2, 47.4, 32.3 (tert..), 16.9, 14.1, 14.0 (prim.) ppm. IR (CCl4): ν 2980 (C-H),
2860 (C-H), 1731 (C=O, broad signal) cm-1. MS(CI): m/e (%) 321 (1, M+H+), 255 (100, M+H+-C5H6), 66
(29, C5H6+). HRMS(EI): m/e 320.1623 [calc. for C18H24O5 (M+) 320.1624].
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Chapter 3
Bridgehead alkylation of the
tricyclo[5.2.1.02,6]deca-4,8-dienone system
by a novel cuprate reaction
3.1 Introduction
The endo-tricyclo[5.2.1.02,6]decadienone system 1 is a versatile synthon for the synthesis of a
great variety of naturally occurring cyclopentenoids.1 Stereoselective additions to the enone moiety,
followed by chemical transformations to install the desired functionalities lead to tricyclodecenones
2, which on thermal cycloreversion using the flash vacuum thermolysis technique, then leads to
cyclopentenones 3. The availability of both antipodes of 1 in enantiopure form2 completes this
strategy and makes it extremely useful for the enantioselective synthesis of a variety of
cyclopentenoids.3
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Chemical transformations of the Herz ester 4 using the Barton radical decarboxylation process4,
allow the introduction of several substituents at the C6 position of the endo-tricyclo[5.2.1.02,6]deca-
dienone system5 as depicted in Scheme 1. Although this methodology has resulted in the synthesis
of a series of new norbornadiene annulated cyclopentenoids, the introduction of an alkyl group at
the C6 position in the tricyclodecadienone 6 (X=alkyl) has not been accomplished yet.
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The tricyclodecadienones 6 with an alkyl substituent at the C6 position are important for two
reasons. Firstly, they allow the synthesis of cyclopentenoids with simple alkyl substituents, some of
which are important industrial fragrances (Chapter 6). Secondly, an alkyl substituent at C6 may
influence the stereocontrol of the Michael additions to the enone system6; this aspect will be
discussed in Chapter 5.
For the synthesis of 6-alkyl substituted tricyclodecadienones 6 (X=R) the Michael addition of an
alkyl-type nucleophile to the central enone bond of tricyclodecatrienone 7 looks very attractive. The
required tricyclodecatrienone 7 can be obtained by elimination of hydrogen bromide from tricyclic
bromide 6a by treatment with base.5 The thus generated tricyclodecatrienone will in all probability
preferentially undergo a Michael addition at the most reactive central enone unit.
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Nevertheless, in principle, nucleophilic addition of lithium dimethylcuprate to trienone 7 can
lead to four isomeric products as is outlined in Scheme 2. In practice, an elegant manner to
accomplish the formal displacement of bromide by an alkyl group via an elimination-addition
process would require the use of two equivalent of lithium dialkylcuprate, of which one serves as
the base to generate trienone 7 and the second reacting as the nucleophile agent. Kraus and Yi used
a similar approach7 in the displacement of a bromide by a methyl group, as is depicted in Scheme 3.
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In addition, a more convenient synthetic procedure was developed for the preparation of
bridgehead bromide 6a, allowing the access to larger quantities of this important starting material.
3.2 Results and Discussion
The reaction of tricyclic bromide 6a with lithium dimethylcuprate took a course entirely different
from the anticipated one. This was immediately apparent from a quenching reaction with water after
treatment of bromide 6a with lithium dimethylcuprate in diethyl ether. No methyl group was
introduced at all, neither at the C6 nor at the C5 position. Instead the bromide at C6 was fully
replaced by a hydrogen atom as was concluded from the formation of parent tricyclodecadienone
13a. This experimental result suggests the intermediacy of a C6 carbanionic copper species, which
on aqueous work-up is rapidly protonated. An alternative explanation, viz. the initial formation of
trienone 7 followed by hydride addition, is not realistic as no hydride donor is present in the
reaction mixture. Repeating the reaction but now quenching with D2O unequivocally proved this
view as deuterated 13b was obtained in almost quantitative yield. Applying methyl iodide as the
electrophile further substantiated the occurrence of a bridgehead C6 carbanionic intermediate. When
carried out in diethyl ether as the solvent 6-methyltricyclodecadienone 13c was obtained in 55%
yield.
6a
O
Br
O
12
O
R
13
electrophile(Me)2CuLi
Cu+
Scheme 4
Based on these results a conceivable mechanism for this reaction of 6-bromotricyclodecadienone
6a with lithium dimethylcuprate can be formulated (Scheme 4). The first step is a halogen metal
exchange reaction. The exact nature of the proposed tricyclic carbanionic copper intermediate 12 is
unclear but it is most likely stabilized by orbital interaction with the enone system. The absence of
the C4-C5 double bond dramatically changes the chemistry of the corresponding bridgehead
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6-bromotricyclodecenone 14 and no C6 carbanionic species is formed here when treated with
lithium dimethylcuprate (vide infra, Scheme 5).
When carried out in ether at -78°C the synthetic scope of this alkylation reaction appeared to be
rather limited. Only reactive electrophiles seem to react. Good results were only obtained for allyl
bromide and dimethyl sulfate (Table 1, entries g and m). Even ethyl iodide and benzyl bromide did
not give any alkylation. Acylation, however, could be accomplished with acetyl chloride to give the
corresponding methyl ketone in 80% yield. Much better results were obtained when THF was used
as the solvent. The carbanionic species 12 appeared to be more stable in this solvent allowing the
electrophilic substitutions to be carried out at a relatively high temperature of 0 °C. In this solvent
practically all substitution reactions studied were successful affording a variety of C6 alkylated
product in good to moderate yields (Table 1).
Table 1: Electrophilic substitution at C6 in 12.
Entry Electrophile Product (compound 13, R = ) yield (%)* yield (%)**
a H2O 13a - H 85 95
b D2O 13b - D 85 95
c CH3I 13c - CH3 55 75
d CH3CH2I 13d - CH2CH3 0 65
e CH3CH2CH2I 13e - CH2CH2CH3 0 60
f (CH3)2CHI 13f - CH(CH)3 not performed 45
g CH2=CHCH2Br 13g - CH2CH=CH2 60 75
h PhCH2Br 13h - CH2Ph 0 60
i PhC(O)CH2Br 13i - CH2C(O)Ph not performed 50
j EtOOCCH2Br 13j - CH2COOEt not performed 40
k BrCH2CH2CH2Br 13k - CH2CH2CH2Br not performed 55
l CH3C(O)Cl 13l - C(O)CH3 80 50
m Me2SO4 13c - CH3 50 not performed
n Et2SO4 13d - CH2CH3 0 not performed
* conditions: Et2O, -78 °C
** conditions: THF, 0 °C
From the data in this table it is clear that alkylation of 12 is not restricted to reactive primary alkyl
halides such as methyl iodide and allyl bromide, but also less reactive halides can be used. Whereas
acylation with acetyl chlorides are successful, attempts to add copper anion 12 to carbonyl
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electrophiles such as aldehydes and ketones failed completely. Surprisingly, 1,4-additions to enones
such as tricyclodecadienone 1 (R=H), methyl acrylates, 2-cyclohexen-1-one and 2-cyclopenten-1-
one using 12 could not be accomplished. This unexpected result indicates the special nature of this
bridgehead carbanionic species although steric factors may also play some role in inhibiting the
1,4-addition.
Finally, only lithium dimethyl and di-n-butylcuprates were successful in this copper/halogen
exchange reaction with 6a. Heterocuprates and Grignard reagents failed to give this reaction and
resulted in complicated product mixtures from which considerable amounts of starting bromide 6a
could be recovered.
It should be noted that the electrophile enters at C6 in 12 in all cases studied. AM1 calculations
performed on this carbanionic species leaving out copper confirm that most negative charge resides
on C6. Delocalization of charge to C4 and the carbonyl oxygen is also clearly present (Table 2).
Table 2: AM1 calculations carried out for 13a and 12
Parent 13a Anion 12
Atom ESP Charge* ESP Charge* ∆ESP* ∆ESP**
C6 +0.1865 -0.5533 -0.7398 -0.5608
C5 -0.0843 +0.2745 +0.3588 +0.3472
C4 -0.0379 -0.5235 -0.4856 -0.4574
C3 +0.2956 +0.3602 +0.0646 +0.0646
O -0.2643 -0.4687 -0.2044 -0.2044
  * Adjacent hydrogen atoms are included in the charge calculations
** Adjacent hydrogen atoms are not included in the charge calculations
The presence of the C3-C4-C5 enone system is apparently crucial for this halogen displacement
reaction, as is deduced from the following experiments. Reaction of bromotricyclodecenone 14,
lacking this enone unit, with lithium dimethylcuprate followed by quenching with water led to
elimination of hydrogen bromide to give product 16 containing a central enone unit (Scheme 5).
This elimination seems to resemble the first step in the reaction reported by Kraus & Yi7
(Scheme 3). Remarkably, even when a threefold excess of lithium dimethylcuprate was used, no
methyl addition to the enone unit was observed but instead only product 16 was obtained. Applying
excess of cuprate reagent apparently gives proton abstraction at C4, as was deduced from the
quenching reaction with methyl iodide which led to the formation of C4-methyl substituted product
17 (Scheme 5).
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It is highly relevant to note that Michael addition reaction to tricyclodecadienone 16 using excess
lithium dimethylcuprate only gave the expected 1,4-methyl addition product (See Chapter 2). No
deprotonation at C4 was observed in these experiments, as was confirmed by quenching the reaction
mixture with D2O, which did not produce any deuterated product. Thus, the experimental results
strongly suggest that in the reaction of tricyclic bromide 14 with lithium dimethylcuprate,
C4-deprotonation occurs prior to the elimination of hydrogen bromide. It must thus be concluded
that the course of the reaction does not resemble the one described by Kraus and Yi. In the present
case the following successive steps are taking place: deprotonation of C4, elimination of hydrogen
bromide, quenching with water (proton) or methyl iodide, respectively.
3.3 Concluding Remarks
The initially predicted elimination/addition reaction to convert 6-bromotricyclodecadienone 6a
into the corresponding 6-alkylated products 13, takes an entirely different course. The first step is
an unpredicted halogen metal exchange involving lithium dialkylcuprate. Usually such reagents
give Michael type 1,4-addition reactions to enone systems, or direct SN2 displacement of halogen
by an alkyl group.8 In the present case halide displacement in a SN2 fashion is simply impossible,
leaving an halide metal exchange reaction as the most likely reaction to occur. Some successful
examples of direct bridgehead methylations using Grignard reagents have been reported.9 However,
this method can not be applied in the present case because of the reactive enone unit.
One-pot organocopper reactions involving halide metal exchange have been reported for gem-
dihalocyclopropanes10 and α,α'-dihaloketones.11 In these cases the first halogen is directly replaced
by the alkyl nucleophile from the cuprate, whilst the second halogen is subsequently eliminated in a
halogen metal exchange reaction resulting in a reactive carbanion which is then trapped with an
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electrophile. In the present case the halogen metal exchange reaction is restricted to the
tricyclodecadienone case, implying that the initially formed carbanion needs the stabilization of the
outer enone unit. When such an unit is absent, a different type of reaction is taking place, viz. initial
C4-deprotonation, subsequent dehydrobromination and finally quenching by an electrophile, either a
proton or methyl iodide.
This novel alkylation procedure expands the scope of the synthetic importance of the
tricyclodecadienone system considerably. Additional examples are presented in Chapter 5 and 6.
3.4 Experimental
General remarks
FT-IR spectra were recorded on a Biorad WIN-IR FTS-25 spectrophotometer. 1H- and 13C-NMR spectra
were obtained on a Bruker AM-400, a Bruker AC-300 and a Bruker AC-100 at T=298 K unless other stated.
Chemical shifts were reported relative to TMS. Mass spectrometric (MS) analyses were measured on a
double focussing VG Analytical 7070E mass spectrometer. GC-MS analyses were performed using a Varian
Saturn II GC-MS ion trap system, equipped with a Varian 8100 autosampler. Separation was carried out on a
fused silica HP-1 capillary column (DB-5, 30m x 0.25 mm). Helium was used as a carrier gas and electron
impact (EI) was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments
CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241 Polarimeter.
Melting points were determined with a Reichert Thermopan microscope and are uncorrected. Gas
chromatographic (GC) analyses were performed on a Hewlett-Packard HP5890A or a Hewlett-Packard
HP5890II gas chromatograph (flame ionization detector, FID) using a capillary column (HP-1, 25 m x 0.32
mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm.) as the carrier gas. The GC temperature programs
employed were either from 50ºC (5 minutes isothermal) to 250ºC at 15ºC/min followed by 2 min at 250ºC
(isothermal) or from 100ºC to 250ºC at 15ºC/min followed by 10 min at 250ºC (isothermal). Column
chromatography was carried at ambient pressure out using Merck Kieselgel 60. Thin layer chromatography
(TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) using the eluents indicated.
Spots were visualized with UV, by reaction with I2 or molybdate spray. Solvents were dried using the
following methods: dichloromethane and hexane were distilled from calcium hydride, diethyl ether was
distilled from sodium hydride, ethyl acetate was distilled from potassium carbonate and toluene was distilled
from sodium. THF was distilled first from calcium hydride and then from sodium with benzophenone as
indicator under argon, directly prior to use. All other solvents were of analytical grade.
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General procedures A & B for the lithium dimethylcuprate reaction with 6-bromo-endo-tricyclo-
[5.2.1.02,6]deca-4,8-dien-3-one 6a.
Procedure A:
The experiments were carried out in dry diethyl ether under inert atmosphere. Lithium dimethylcuprate was
prepared at 0 °C by adding methyllithium (ca. 2.4 equiv.) to a suspension of CuI (ca. 1.2 equiv.) in diethyl
ether (10 ml). After stirring for 15 min. the temperature was taken down to -78 °C and bromotricyclo-
decadienone 6a (ca. 1 equiv.) in a small amount of diethyl ether was added slowly and the reaction mixture
was then quenched with an excess (ca. 10 equiv.) of the appropriate electrophile. The reaction was monitored
by TLC and GC until completion (usually 15 min. to 2 h), then quenched with aqueous ammonium chloride
and the aqueous phase extracted with ether (3x). The combined organic phase was washed with water (3x),
dried with MgSO4 and the solvent was evaporated under reduced pressure. The crude product was purified
by column chromatography.
Procedure B:
The experiments were carried out in dry THF under inert atmosphere. Lithium dimethylcuprate was prepared
at 0 °C by adding methyllithium (ca. 2.4 equiv.) to a suspension of CuI (ca. 1.2 equiv.) in THF (10 ml). After
stirring for 15 minutes bromotricyclodecadienone 6a (ca. 1 equiv.) in a small amount of THF was added
slowly and the reaction mixture then quenched with an excess (ca. 10 equiv.) of the appropriate electrophile.
The reaction was monitored by TLC and GC until completion (usually 15 min. 2 h), then quenched with
aqueous ammonium chloride and the aqueous phase extracted with ether (3x). The combined organic phase
was washed with water (3x), dried with MgSO4 and the solvent was evaporated under reduced pressure. The
crude product was purified by column chromatography.
6-Bromo-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 6a.
Starting with 5-oxo-endo-tricyclo[5.2.1.02,6]deca-3,8-diene-2-carboxylic acid (0.950 g, 5 mmol)
the literature procedure5 was followed with a slightly modified purification method. The crude
product was dissolved in ether and washed several times with 1 M HCl aq. until complete
removal of most of the impurities and the main byproduct 6-pyridylthio-endo-
tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (checked with pH-paper) was reached. The remaining
organic layer was dried with MgSO4, concentrated and the residue purified by column chromatography
(EtOAc/hexane=1/12). Bromotricyclodecadienoneproduct 6a (1.02 g, 4.53 mmol) was obtained as a white
solid in 90% yield. Spectral data of 6-bromo-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 6a were in
agreement with the reported data.5
endo-Tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13a.
General procedure A was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.230 g, 1.2
mmol), bromotricyclodecadienone 6a (0.224 g, 1.00 mmol) and the reaction mixture was
quenched with water (0.2 ml, 5 min.). After work-up and purification by column
O
H
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chromatography (EtOAc/hexane = 1/6), tricyclodecadienone 13a (0.124 g, 0.85 mmol) was obtained as a
white solid in 85% yield.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.227 g, 1.2 mmol),
bromotricyclodecadienone 6a (0.225 g, 1.00 mmol) and the reaction mixture was quenched with water (0.2
ml, 5 min.). After work-up and purification by column chromatography (EtOAc/hexane = 1/6),
tricyclodecadienone 13a (0.139 g, 0.95 mmol) was obtained as a white solid in 95% yield.
The spectral data were in accordance with the reported data.5
6-Deutero-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13b.
General procedure A was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.232 g, 1.2
mmol), bromotricyclodecadienone 6a (0.227 g, 1.01 mmol) and the reaction mixture was
quenched with D2O (0.2 ml, 5 min.). After work-up and purification by column chromatography
(EtOAc/hexane = 1/6), deuterotricyclodecadienone 13b (0.125 g, 0.85 mmol) was obtained as a
white solid in 85% yield.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.228 g, 1.2 mmol),
bromotricyclodecadienone 6a (0.224 g, 1.00 mmol) and the reaction mixture was quenched with D2O (0.2
ml, 5 min.). After work-up and purification by column chromatography (EtOAc/hexane = 1/6),
deuterotricyclodecadienone 13b (0.140 g, 0.95 mmol) was obtained as a white solid in 95% yield.
1H NMR (400 MHz, CDCl3): δ 7.31 (d, 3J5,4=5.6 Hz, 1H, H5), 5.89 (d, 3J4,5=5.6 Hz, 1H, H4), 5.87 (brs, 1H,
H8), 5.71 (brs, 1H, H9), 3.15 (brs, 1H, H1), 2.89 (brs, 1H, H7), 2.73 (d, 3J2,1=4.8 Hz, 1H, H2), 1.69 (d,
2J10s,10a=8.8 Hz, 1H, H10s), 1.55 (d, 2J10a,10s=8.8 Hz, 1H, H10a), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ
210.8 (quat.), 164.5, 137.0, 132.6, 132.4 (tert), 52.7 (sec.), 50.2, 48.3, 45.0, 44.0 (tert) ppm. IR (CCl4): ν
2962 (C-H), 2934 (C-H), 2871 (C-H), 1711 (C=O) cm-1. GCMS(EI): m/e (%) 147 (35, M+), 146 (18, M+-H),
118 (59, C9H8D+), 66 (100, C5H6+). HRMS(EI): m/e 147.07959 [calc. for C10H9DO (M+) 147.07944].
6-Methyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13c.
General procedure A was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.232 g, 1.2
mmol), bromotricyclodecadienone 6a (0.225 g, 1.00 mmol) and the reaction mixture was
quenched with methyl iodide (0.7 ml, 30 min.). After work-up and purification by column
chromatography (EtOAc/hexane = 1/8), methyltricyclodecadienone 13c (0.088 g, 0.55 mmol)
was obtained as a colorless oil in 55% yield.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.224 g, 1.2 mmol),
bromotricyclodecadienone 6a (0.226 g, 1.00 mmol) and the reaction mixture was quenched with methyl
iodide (0.7 ml, 30 min.). After work-up and purification by column chromatography (EtOAc/hexane = 1/8),
methyltricyclodecadienone 13c (0.121 g, 0.76 mmol) was obtained as a colorless oil in 75% yield.
General procedure A was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.230 g, 1.2 mmol),
bromotricyclodecadienone 6a (0.226 g, 1.00 mmol) and the reaction mixture was quenched with dimethyl
O
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O
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sulfate (1.0 ml, 30 min.). After work-up and purification by column chromatography (EtOAc/hexane = 1/8),
methyltricyclodecadienone 13c (0.080 g, 0.50 mmol) was obtained as a colorless oil in 50% yield.
1H NMR (400 MHz, CDCl3): δ 7.24 (d, 3J5,4=5.6 Hz, 1H, H5), 5.95 (brs, 1H, H8), 5.90 (brs, 1H, H9), 5.84 (d,
3J4,5=5.6 Hz, 1H, H4), 3.22 (brs, 1H, H1), 2.57 (brs, 1H, H7), 2.44 (d, 3J2,1=4.4 Hz, 1H, H2), 1.92 (d,
2J10s,10a=8.8 Hz, 1H, H10s), 1.75 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.45 (s, 3H, CH3), ppm. 13C NMR (100 MHz,
H-dec, CDCl3): δ 210.7 (quat.), 169.1, 135.3, 134.4, 132.2, 58.0 (tert), 53.8 (quat.), 51.0 (sec.), 50.0, 46.6
(tert), 23.6 (prim.) ppm. IR (CCl4): ν 2967 (C-H), 2930 (C-H), 2870 (C-H), 1708 (C=O) cm-1. GCMS(EI):
m/e (%) 160 (14, M+), 145 (13, M+-CH3), 132 (37, M+-CO), 117 (63, C9H9+), 66 (100, C5H6+). HRMS(EI):
m/e 160.08878 [calc. for C11H12O (M+) 160.08882], 117.07028 [calc. for C9H9+ 117.07043].
6-Ethyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13d.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.228 g, 1.2
mmol), bromotricyclodecadienone 6a (0.225 g, 1.00 mmol) and the reaction mixture was
quenched with ethyl iodide (0.8 ml, 60 min.). After work-up and purification by column
chromatography (EtOAc/hexane = 1/10), ethyltricyclodecadienone 13d (0.113 g, 0.65 mmol)
was obtained as a colorless oil in 65% yield.
1H NMR (400 MHz, CDCl3): δ 7.24 (d, 3J5,4=5.7 Hz, 1H, H5), 5.94 (brs, 2H, H8 and H9), 5.91 (d, 3J4,5=5.7
Hz, 1H, H4), 3.20 (brs, 1H, H1), 2.65 (brs, 1H, H7), 2.50 (d, 3J2,1=4.6 Hz, 1H, H2), 1.86 (d, 2J10s,10a=8.6 Hz,
1H, 10s), 1.82 (m, 2H, CH2CH3), 1.74 (d, 2J10a,10s=8.6 Hz, 1H, H10a), 0.93 (t, 3J=7.5 Hz, 3H, CH2CH3), ppm.
13C NMR (100 MHz, H-dec, CDCl3): δ 210.9 (quat.), 167.9, 135.5, 135.2, 132.6 (tert), 59.0 (quat.), 55.4
(tert.), 51.1 (sec.), 48.7, 46.3 (tert), 29.7 (sec.), 10.6 (prim.) ppm. IR (CCl4): ν 2979 (C-H), 2927 (C-H), 2871
(C-H), 1709 (C=O) cm-1. GCMS(EI): m/e (%) 174 (15, M+), 145 (22, M+-CH3), 117 (71, C9H9+), 66 (100,
C5H6+). HRMS(EI): m/e 174.10445 [calc. for C12H14O (M+) 174.10447].
6-n-Propyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13e.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.228 g,
1.2 mmol), bromotricyclodecadienone 6a (0.226 g, 1.00 mmol) and the reaction mixture
was quenched with n-propyl iodide (1.0 ml, 60 min.). After work-up and purification by
column chromatography (EtOAc/hexane = 1/10), n-propyltricyclodecadienone 13e (0.113
g, 0.60 mmol) was obtained as a colorless oil in 60% yield.
1H NMR (400 MHz, CDCl3): δ 7.24 (d, 3J5,4=5.7 Hz, 1H, H5), 5.92 (brs, 2H, H8 and H9), 5.88 (d, 3J4,5=5.7
Hz, 1H, H4), 3.49 (brs, 1H, H1), 2.63 (brs, 1H, H7), 2.50 (d, 3J2,1=4.6 Hz, 1H, H2), 1.90 (d, 2J10s,10a=8.7 Hz,
1H, H10s), 1.75 (m, 2H, CH2CH2CH3), 1.71 (d, 2J10a,10s=8.7 Hz, 1H, H10a), 1.32 (m, 2H, CH2CH2CH3), 0.94 (t,
3J=7.3 Hz, 3H, CH2CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 210.9 (quat.), 168.3, 135.2, 135.1,
132.6 (tert), 58.4 (quat.), 55.8 (tert.), 51.1 (sec.), 49.1, 46.4 (tert), 39.5, 19.8 (sec.), 14.8 (prim.) ppm. IR
(CCl4): ν 2978 (C-H), 2930 (C-H), 2870 (C-H), 1709 (C=O) cm-1. GCMS(EI): m/e (%) 188 (9, M+), 145 (14,
M+-CH3), 117 (65, C9H9+), 66 (100, C5H6+). HRMS(EI): m/e 188.12014 [calc. for C13H16O (M+) 188.12012].
O
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6-Isopropyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13f.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.228 g, 1.2
mmol), bromotricyclodecadienone 6a (0.225 g, 1.00 mmol) and the reaction mixture was
quenched with iso-propyl iodide (1.0 ml, 120 min.). After work-up and purification by
column chromatography (EtOAc/hexane = 1/10), iso-propyltricyclodecadienone 13f (0.085 g,
0.45 mmol) was obtained as a colorless oil in 45% yield.
1H NMR (400 MHz, CDCl3): δ 7.27 (d, 3J5,4=5.8 Hz, 1H, H5), 5.96 (d, 3J4,5=5.8 Hz, 1H, H4), 5.93 (brs, 2H,
H8 and H9), 3.18 (brs, 1H, H1), 2.88 (brs, 1H, H7), 2.57 (d, 3J2,1=4.7 Hz, 1H, H2), 2.02 (m, 1H, CH(CH3)2),
1.86 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.71 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.13 (d, 3J=6.8 Hz, 3H, CH(CH3)2),
0.87 (d, 3J=6.8 Hz, 3H, CH(CH3)2), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 210.7 (quat.), 165.3, 136.6,
135.5, 133.0 (tert), 62.9 (quat.), 55.7 (tert), 50,7 (sec.), 46.8, 46.4, 32.9 (tert.), 20.3, 19.3 (prim.) ppm. IR
(CCl4): ν 2979 (C-H), 2926 (C-H), 2870 (C-H), 1709 (C=O) cm-1. GCMS(EI): m/e (%) 188 (8, M+), 145 (38,
M+-CH3), 117 (100, C9H9+), 66 (87, C5H6+). HRMS(EI): m/e 188.12014 [calc. for C13H16O (M+) 188.12012].
6-Allyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13g.
General procedure A was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.230 g,
1.2 mmol), bromotricyclodecadienone 6a (0.225 g, 1.00 mmol) and the reaction mixture
was quenched with allyl bromide (0.9 ml, 30 min.). After work-up and purification by
column chromatography (EtOAc/hexane = 1/8), allyltricyclodecadienone 13g (0.112 g,
0.60 mmol) was obtained as a colorless oil in 60% yield.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.229 g, 1.2 mmol),
bromotricyclodecadienone 6a (0.227 g, 1.01 mmol) and the reaction mixture was quenched with allyl
bromide (0.9 ml, 30 min.). After work-up and purification by column chromatography (EtOAc/hexane =
1/8), allyltricyclodecadienone 13g (0.140 g, 0.75 mmol) was obtained as a colorless oil in 75% yield.
1H NMR (400 MHz, CDCl3): δ 7.26 (d, 3J5,4=5.7 Hz, 1H, H5), 5.95 (brs, 2H, H8 and H9), 5.91 (d, 3J4,5=5.7
Hz, 1H, H4), 5.75 (m, 1H, CH2CH=CH2), 5.10 (d, 3J=2.9 Hz, 1H, CH2CH=CH2), 5.07 (s, 1H, CH2CH=CH2),
3.22 (brs, 1H, H1), 2.70 (brs, 1H, H7), 2.60 (dd, 2J=14.0 Hz, 3J=7.7 Hz, 1H, CH2CH=CH2), 2.51 (s, 1H, H2),
2.49 (dd, 2J=14.0 Hz, 3J=8.0 Hz, 1H, CH2CH=CH2), 1.92 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.77 (d, 2J10a,10s=8.8
Hz, 1H, H10a), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 210.4 (quat.), 167.5, 135.7, 135.0, 134.4, 133.1
(tert.), 118.0 (sec.), 57.5 (quat.), 55.8 (tert), 51.0 (sec.), 48.4, 46.4 (tert), 41.5 (sec.) ppm. IR (CCl4): ν 3065
(C-Hunsat), 2979 (C-H), 2927 (C-H), 2871 (C-H), 1709 (C=O) cm-1. GCMS(EI): m/e (%) 187 (100, M++H),
186 (26, M+), 145 (31, M+-CH2CH=CH2), 117 (74, C9H9+), 66 (69, C5H6+). HRMS(EI): m/e 186.10429 [calc.
for C13H14O (M+) 186.10447].
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6-Benzyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13h.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.223 g,
1.2 mmol), bromotricyclodecadienone 6a (0.227 g, 1.01 mmol) and the reaction mixture
was quenched with benzyl bromide (1.2 ml, 90 min.). After work-up and purification by
column chromatography (EtOAc/hexane = 1/10), benzyltricyclo-decadienone 13h
(0.145 g, 0.61 mmol) was obtained as a colorless oil in 60% yield.
1H NMR (400 MHz, CDCl3): δ 7.25 (m, 3H, CH2C6H5), 7.22 (d, 3J5,4=5.7 Hz, 1H, H5), 7.12 (d, 3J=7.0 Hz,
2H, CH2C6H5), 5.92 (brs, 2H, H8 and H9), 5.84 (d, 3J4,5=5.7 Hz, 1H, H4), 3.25 (brs, 1H, H1), 3.16 (d, 3J=13.6
Hz, 1H, CH2C6H5), 3.04 (d, 3J=13.6 Hz, 1H, CH2C6H5), 2.81 (brs, 1H, H7), 2.59 (d, 3J2,1=4.6 Hz, 1H, H2),
2.07 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.83 (d, 2J10a,10s=8.8 Hz, 1H, H10a), ppm. 13C NMR (100 MHz, H-dec,
CDCl3): δ 210.2 (quat.), 167.4 (tert), 137,8 (quat.), 135.5, 135.1, 133.3, 130.1(2X), 128.3(2X), 126.6 (tert),
59.0 (quat.), 56.4 (tert.), 50.8 (sec.), 48.1, 46.6 (tert), 43.7 (sec.) ppm. IR (CCl4): ν 3086 (C-Hunsat), 3065
(C-Hunsat), 3030 (C-Hunsat), 2984 (C-H), 2968 (C-H), 2874 (C-H), 2854 (C-H), 1707 (C=O) cm-1. MS(EI): m/e
(%) 236 (32, M+), 170 (20, M+-C5H6), 145 (46, M+-CH2C6H5), 117 (38, C9H9+), 91 (47, CH2C6H5+), 66 (100,
C5H6+). HRMS(EI): m/e 236.12016 [calc. for C17H16O (M+) 236.12012].
6-(2'-Oxo-2'-phenylethyl)-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13i.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI  (0.226 g,
1.2 mmol), bromotricyclodecadienone 6a (0.220 g, 0.98 mmol) and the reaction mixture
was quenched with 2-bromoacetophenone (2.0 g, 120 min.). After work-up and
purification by column chromatography (EtOAc/hexane = 1/10), product 13i (0.129 g,
0.49 mmol) was obtained as a colorless oil in 50% yield.
1H NMR (400 MHz, CDCl3): δ 7.50 (d, 3J3,4=5.7 Hz, 1H, H3), 7.35 (brs, 5H C6H5), 5.99 (brs, 2H, H8 and H9),
5.98 (d, 3J4,3=5.7 Hz, 1H, H4), 3.25 (brs, 1H, H7), 2.19 (d, 3J2,1=4.9 Hz, 1H, H2), 3.16 (brs, 1H, H1), 2.88 (d,
2J=16.1 Hz, 1H, CH2COC5H6), 2.80 (d, 2J=16.1 Hz, 1H, CH2COC5H6), 1.96 (d, 2J10s,10a=8.8 Hz, 1H, H10s),
1.76 (d, 2J10a,10s=8.8 Hz, 1H, H10a), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 209.5, 208.0 (quat.), 164.4
(tert.), 138.4 (quat.), 136.2, 135.2, 135.0, 128.2(2X), 128.1(2X), 127.5 (tert), 62.3 (quat.), 54.5, 53.0 (tert.),
52.5, 52.3 (sec.), 45.6 (tert) ppm. IR (CCl4): ν 3080 (C-Hunsat), 3060 (C-Hunsat), 3030 (C-Hunsat), 2990 (C-H),
2950 (C-H), 2880 (C-H), 1733 (C=O), 1711 (C=O) cm-1. GCMS(EI): m/e (%) 264 (10, M+), 236 (100,
M+-CO), 170 (62, M+-CO- C5H6+), 66 (30, C5H6+). HRMS(EI): m/e 264.11463 [calc. for C18H16O2 (M+)
264.11503].
Ethyl 2-(5'-oxo-endo-tricyclo[5.2.1.02',6']deca-3',8'-dien-2'-yl)acetate 13j.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.230 g,
1.2 mmol), bromotricyclodecadienone 6a (0.225 g, 1.00 mmol) and the reaction mixture
was quenched with ethyl 2-bromoacetate (1.1 ml, 120 min.). After work-up and
purification by column chromatography (EtOAc/hexane = 1/12), tricyclic ethyl ester 13j
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(0.095 g, 0.41 mmol) was obtained as a colorless oil in 40% yield.
1H NMR (400 MHz, CDCl3): δ 7.45 (d, 3J3,4=5.7 Hz, 1H, H3), 5.96 (brs, 2H, H8 and H9), 5.92 (d, 3J4,3=5.7 Hz,
1H, H4), 4.13 (q, 3J=7.1 Hz, 2H, OCH2CH3), 3.25 (brs, 1H, H7), 2.84 (brs, 1H, H1), 2.82 (d, 2J=14.8 Hz, 1H,
CH2COOEt), 2.75 (d, 2J=14.8 Hz, 1H, CH2COOEt), 2.71 (d, 3J2,1=4.6 Hz, 1H, H2), 1.90 (d, 2J10s,10a=9.0 Hz,
1H, H10s), 1.79 (d, 2J10a,10s=9.0 Hz, 1H, H10a), 1.24 (t, 3J=7.1 Hz, 3H, OCH2CH3), ppm. 13C NMR (100 MHz,
H-dec, CDCl3): δ 209.4, 171.0 (quat.), 166.1, 135.8, 134.8, 133.0 (tert), 60.7 (sec.), 56.2 (tert.), 55.8 (quat.),
50.8 (sec.), 48.7, 46.5 (tert), 41.7 (sec.), 14.2 (prim.) ppm. IR (CCl4): ν 2982 (C-H), 2876 (C-H), 2854 (C-H),
1737 (C=O), 1709 (C=O) cm-1. GCMS(EI): m/e (%) 232 (42, M+), 159 (62, M+-COOCH2CH3), 66 (100,
C5H6+). HRMS(EI): m/e 232.10988 [calc. for C14H16O3 (M+) 232.10994].
6-(3'-Bromopropyl)-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13k.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.228 g,
1.2 mmol), bromotricyclodecadienone 6a (0.223 g, 0.99 mmol) and the reaction mixture
was quenched with 1,3-dibromopropane (1.0 ml, 120 min.). After work-up and
purification by column chromatography (EtOAc/hexane = 1/10), bromopropyltricyclo-
decadienone 13k (0.118 g, 0.44 mmol) was obtained as a colorless oil in 45% yield.
1H NMR (400 MHz, CDCl3): δ 7.22 (d, 3J5,4=5.7 Hz, 1H, H5), 5.94 (brs, 2H, H8 and H9), 5.92 (d, 3J4,5=5.7
Hz, 1H, H4), 3.22 (brs, 1H, H1), 2.66 (brs, 1H, H7), 2.51 (d, 3J2,1=4.6 Hz, 1H, H2), 1.90 (brs, 6H,
CH2CH2CH2Br), 1.61 (s, 2H, H10a and H10s), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 210.0 (quat.),
167.2, 135.8, 135.0, 132.8 (tert), 57.9 (quat.), 55.7 (tert.), 51.1 (sec.), 49.2, 46.5 (tert), 35.6, 33.6, 29.6 (sec.)
ppm. IR (CCl4): ν 2967 (C-H), 2950 (C-H), 2876 (C-H), 2854 (C-H), 1708 (C=O) cm-1. GCMS(EI): m/e (%)
268 (6, M+(81Br)), 266 (6, M+(79Br)), 240 (19, M+(81Br)-CO), 238 (19, M+(79Br)-CO), 187 (16, M+-Br), 159
(27, M+-CO-Br), 145 (15, M+-C3H6Br), 117 (76, C9H9+), 66 (100, C5H6+). HRMS(EI): m/e 266.03063 [calc.
for C13H15O79Br (M+) 266.03063].
6-Acetyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 13l.
General procedure A was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.231 g, 1.2
mmol), bromotricyclodecadienone 6a (0.224 g, 1.00 mmol) and the reaction mixture was
quenched with acetyl chloride (0.7 ml, 15 min.). After work-up and purification by column
chromatography (EtOAc/hexane = 1/10), acetyltricyclodecadienone 13l (0.150 g, 0.80
mmol) was obtained as a colorless oil in 80% yield.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.229 g, 1.2 mmol),
bromotricyclodecadienone 6a (0.226 g, 1.00 mmol) and the reaction mixture was quenched with acetyl
chloride (0.7 ml, 15 min.). After work-up and purification by column chromatography (EtOAc/hexane =
1/10), acetyltricyclodecadienone 13l (0.095 g, 0.51 mmol) was obtained as a colorless oil in 50% yield.
1H NMR (400 MHz, CDCl3): δ 7.37 (d, 3J5,4=5.7 Hz, 1H, H5), 6.04 (brs, 1H, H8), 6.02 (d, 3J4,5=5.7 Hz, 1H,
H4), 5.96 (brs, 1H, H9), 3.28 (brs, 1H, H1), 3.26 (d, 3J2,1=4.7 Hz, 1H, H2), 3.21 (brs, 1H, H7), 2.31 (s, 3H,
O
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CH3), 1.73 (s, 2H, H10), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.7, 205.7 (quat.), 161.1, 137.1,
134.9, 133.7 (tert.), 72.1 (quat.), 53.4 (tert), 51.0 (sec.), 47.8, 45.8 (tert), 27.9 (prim.) ppm. IR (CCl4): ν 2978
(C-H), 2927 (C-H), 2859 (C-H), 1712 (C=O), 1707 (C=O) cm-1. GCMS(EI): m/e (%) 188 (7, M+), 145 (40,
M+-COCH3), 117 (68, C9H9+), 66 (50, C5H6+), 43 (100, COCH3+). HRMS(EI): m/e 188.08340 [calc. for
C12H12O2 (M+) 188.08373].
6-Bromo-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 14.
The synthesis of 6-bromotricyclo[5.2.1.02,6]dec-8-en-3-one 14 (0.550 g, 2.42 mmol) was
performed according to literature procedure12 and bromotricyclodecenone 14 was obtained as a
colorless oil in 87% yield starting from 5-oxo-endo-tricyclo[5.2.1.02,6]deca-8-ene-2-carboxylic
acid (0.534 g, 2.78 mmol). Spectral data of 14 were in agreement with the those reported.12
Tricyclo[5.2.1.02,6]deca-2(6),8-dien-3-one 16.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.230 g, 1.2
mmol), bromotricyclodecenone 14 (0.230 g, 1.01 mmol) and the reaction mixture was
quenched with water (0.2 ml, 5 min.). After work-up and purification by column
chromatography (EtOAc/hexane = 1/5), tricyclodecadienone 16 (0.141 g, 0.97 mmol) was
obtained as a colorless oil in 95% yield. Spectral data were in agreement with those reported.12
4-exo-Methyltricyclo[5.2.1.02,6]deca-2(6),8-dien-3-one 17.
General procedure B was followed using 1.6 M MeLi (1.5 ml, 2.4 mmol), CuI (0.235 g,
1.2 mmol), bromotricyclodecenone 14 (0.228 g, 1.01 mmol) and the reaction mixture was
quenched with methyl iodide (0.7 ml, 30 min.). After work-up and purification by column
chromatography (EtOAc/hexane = 1/6), 4-methyltricyclodecadienone 17 (0.143 g, 0.89
mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.88 (brs, 1H, H8), 6.78 (brs, 1H, H9), 3.76 (brs, 1H, H1), 3.58 (brs, 1H, H7),
2.79 (dd, 2J5n,5x=19.3 HZ, 3J5n,4n=5.9  Hz, 1H, H5n), 2.67 (m, 1H, H4n), 2.47 (d, 2J10s,10a=6.7 Hz, 1H, H10s), 2.39
(d, 2J10a,10s=6.7 Hz, 1H, H10a), 2.38 (d, 2J5x,5n=19.3 Hz, 1H, H5x), 1.24 (d, 3J=7.5 Hz, 3H, CH3), ppm. 13C NMR
(100 MHz, H-dec, CDCl3): δ 191.5, 158.1, 150,1 (quat.), 144.7, 141.5 (tert.), 74.6 (sec.), 51.0, 47.5, 45.0
(tert.), 35.2 (sec.), 17.2 (prim.) ppm. IR (CCl4): ν 2980 (C-H), 2940 (C-H), 2860 (C-H), 1675 (C=O) cm-1.
GCMS(EI): m/e (%) 160 (39, M+), 145 (32, M+-CH3), 132 (21, M+-CO), 117 (100, C9H9+), 66 (39, C5H6+).
HRMS(EI): m/e 160.088780 [calc. for C11H12O (M+) 160.088815].
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Chapter 4
Nucleophilic 1,4-addition reactions of in situ generated
tricyclo[5,2,1,02,6]deca-2(6),4,8-trienone
4.1 Introduction
The endo-tricyclo[5.2.1.02,6]decadienones 1 have found extensive use in the synthesis of a large
variety of cyclopentenoids.1 Its rigid structure, the presence of several appropriately functionalized
positions and the ability to undergo [4+2] cycloreversion make these compounds important
substrates in organic synthesis.2,3 The Herz ester 2 is an essential starting material for the synthesis
of several tricyclodecadienones. Also for the tricyclo[5.2.1.02,6]deca-2(6),4,8-trienone 3 which is
under consideration in this chapter.
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Chemical transformations of the Herz ester 2 using the Barton decarboxylation process4, allow
the convenient preparation of several C6 substituted tricyclodecadienones5, as is outlined in  Scheme
1. Especially the tricyclic bromide 5a (X=Br) is an important compound for further synthetic
elaboration (see also preceding chapter). This bridgehead bromide 5a was used by Zhu6 in
dehydrobromination studies.5 It was shown that treatment of this bromide with potassium hydroxide
in methanol leads to a displacement of the bromine substituent by a methoxy group, whereby
convincing evidence was presented that tricyclodecatrienone 3 is an intermediate, formed by initial
dehydrobromination.
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This tricyclic trienone 3 is a novel highly strained norbornene annulated cyclopentadienone
characterized by a central enone unit that is a common structural element of both the rigid
norbornene moiety and the annulated cyclopentenone. Due to the geometrical constraints imposed
by the tricyclic skeleton, which obstructs optimal sp2 hybridization at C2 and C6, the central enone
unit is highly strained and as a consequence extremely reactive, much more than the outer enone
unit. The high reactivity of the central enone unit was demonstrated during the generation of
trienone 3 in the presence of methoxide ions as nucleophile. The 6-methoxy substituted tricyclo-
decadienone was the isolated product of the dehydrobromination using potassium hydroxide in
methanol.5 In the absence of a trapping nucleophile the trienone spontaneously dimerizes. Both
reactions are shown in Scheme 2.
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Scheme 2
The strain energy of tricyclodecatrienone 3 was calculated using MM2 calculations and amounts
to 42 kcal/mol, wherein a large contribution originates from the central C2-C6 olefinic bond. By
reducing the central double bond (8 and 9, Nu=H) the strain energy is calculated to be about 31
kcal/mol, while reduction of the outer enone double bond (10 and 11, Nu=H) results in compounds
having 40 kcal/mol strain energy.
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In spite of the fact that the central enone unit has a higher predicted reactivity, nucleophilic
reactions of both enone moieties must, in principle, be considered. Taking into account an exo and
endo approach of both enones then four potential products can be envisaged as is outlined in
Scheme 3. In view of earlier results5 (Scheme 2) compound 8 is expected as the major product.
The in situ synthesis of tricyclodecatrienone 3 has been accomplished by base-induced
dehydrobromination as shown in Scheme 2. However, the type of base used in this elimination
reaction may strongly limit the choice of nucleophiles in the 1,4-addition reaction. Therefore,
another approach for the in situ preparation of tricyclotrienone 3 was considered as well. In earlier
work from our laboratory7, it is known that oxidative deselenylation is an useful method for the
synthesis of tricyclodecadienone 14 (Scheme 4).
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1. NaOH, MeOH, rt
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    PhSeSePh
NaIO4 / MeOH
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Scheme 4
Adopting this method then implies the use of phenylselanyl endo-tricyclodecadienone 5c
(X=SePh) as starting material. This compound is readily accessible from Herz ester 2 following the
sequence shown in Scheme 1 using diphenylselenide as the trapping agent of the bridgehead radical
(4) generated during Barton's decarboxylation procedure.4 Oxidation of this selenide 5c with e.g.
sodium metaperiodate will give the corresponding phenylseleninyl derivative 15 which is expected
to undergo spontaneous elimination of phenylselenenic acid to afford the desired tricyclodeca-
trienone 3 (Scheme 5).
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This potential in situ synthesis of substrate 3 may be attractive as it will allow, at least in
principle, to use a wide range of nucleophiles for the 1,4-addition reactions as the conditions of
generation of tricyclodecatrienone 3 are essential neutral.
In this chapter both methods of in situ generation of tricyclotrienone 3 will be investigated as
well as the nucleophilic 1,4-addition of some nucleophiles to the thus obtained substrate 3 will be
attempted.
4.2 Results and Discussion
Bridgehead amine substituted tricyclodecadienones are unknown and therefore its synthesis was
undertaken following the strategy described above, via 1,4-addition of amines to tricyclodeca-
trienone 3. Several bases were studied for the dehydrobromination reaction of 5a, using pyrrolidine
as the solvent which then also can serve as nucleophile in the subsequent reaction with trienone 3
(Scheme 6). The results are collected in Table 1.
It was found that the type of base in this elimination process is very critical. Due to the limited
stability of the 6-pyrrolidinyl substituted tricyclodecadienone 8 under both neutral and basic
conditions, the choice of base and the reaction time determine the success of the reaction. The best
bases clearly are sodium hydride (entry 6) and potassium hydroxide (entry 10), when a very brief
reaction time was used (see entry 8 and entry 10). The product of this nucleophilic reaction with
pyrrolidine arises from an exo-facial approach of the amine to the central enone unit to give
compound 8 as the exclusive product. The structure of 8 was unambiguously established by 2D
NOESY NMR techniques at 3 °C (this low temperature is required to prevent degradation of the
product). This product formation closely resembles the formation of 6-methoxy tricyclodecadienone
6 (Scheme 2) from tricyclodecatrienone 3 in the reaction with potassium hydroxide in methanol.
The data in Table 1 reveal that degradation of the product is a major obstacle in this process. Very
short reaction times can prevent this undesired degradation.
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Table 1: Reaction of in situ generated tricyclodecatrienone 3 with pyrrolidine
Entry Solvent Base Temp. (°C) Time Product Yield 8 (%)
1 Pyrrolidine DBU 0 1 d No reaction
2 Pyrrolidine DBU r.t. 4 h 8 + degr.prod. 25
3 Pyrrolidine/THF (1/5) DBU r.t. 1 d No reaction
4 Pyrrolidine CaH2 0 5 min. 8 + degr.prod. 35
5 Pyrrolidine/THF (1/5) CaH2 0 4 h No reaction
6 Pyrrolidine NaH 0 5 min. 8 75
7 Pyrrolidine BuLi 0 4 h No reaction
8 Pyrrolidine KOH 0 1 h 8 + degr.prod. 55
9 Pyrrolidine KOH r.t. 1 h 8 + degr.prod. 30
10 Pyrrolidine KOH 0 5 min. 8 90
11 Pyrrolidine/THF (1/5) KOH 0 4 h No reaction
Three other amines, viz. benzylamine, diethylamine and piperidine were also tested in this
sequence, using the same experimental conditions. These amines were less reactive implying that
longer reaction times were needed. Isolation and purification of these amine addition products was
very troublesome due to the limited product stability. Analysis of the crude product mixtures by
GCMS (mass and fragmentation pattern) indicated that addition of the amine had taken place to the
central enone unit in case of diethylamine and piperidine. For benzylamine the product mixture was
very complex.
The in situ generation of tricyclodecatrienone 3 by oxidative deselenylation of 6-phenylselanyl
tricyclodecadienone 5c was considered next. This alternative method for the generation of 3 is
essentially a thermal process and the conditions may be compatible with various nucleophiles. The
required starting material 5c was readily obtained as reported earlier by Zhu5 (Scheme 1, trapping
agent is PhSeSePh, X=SePh). Subsequent oxidation of this 6-phenylselanyl compound with sodium
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metaperiodate in methanol afforded the corresponding selene oxide 15. This compound, consisting
of a mixture of diastereoisomers due to the extra stereogenic center at selene, was surprisingly
stable in contrast to the selene oxide derived from phenylselanyl tricyclodecenone 13 lacking the
outer enone unit (Scheme 4). The expected spontaneous syn-elimination of phenylselenenic acid
from 15 did not occur. This remarkable difference in stability between these selene oxides can be
attributed to the higher activation energy required for the formation of the more strained
tricyclodecatrienone 3 when compared with tricyclodecadienone 14.
oxidation
with
NaIO4
(-)5c
15b
(-)16
O
 HOOC
Barton
PhSeSePh
O
Se
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The diastereomeric mixture of selene oxide 15 could not be purified by crystallization. To
circumvent this problem of a diastereomeric mixture, the oxidation was carried out with the
phenylselanyl derivative derived from enantiopure Herz acid. Acid (-)16 was converted into
optically active phenylselanyl compound (-)5c using the Barton decarboxylation procedure as
discussed earlier. Subsequent oxidation of this enantiopure selenide (Scheme 7) gave two selene
oxides 15a and 15b in a ratio of 2:1 as was deduced from the NMR data of the product mixtures.
Crystallization from dichloromethane/tetrachloromethane gave single crystals of the major
stereoisomer which were suitable for X-ray diffraction analysis. The outcome of this analysis
proved that this major isomer has structure 15a (Figure 1).
The minor isomer 15b could not be obtained in pure form, probably due to untimely
decomposition. Remarkably, this isomer 15b was considerably less stable than 15a. A conceivable
explanation for the difference in stability may be the reduced propensity to syn-elimination of
isomer 15a due to restricted rotation about the C6-Se bond which prevents the oxygen atom at
selene to reach the appropriate alignment required for syn-elimination. In contrast, isomer 15b can
readily adopt the suitable alignment of the selene oxide and the C2-proton necessary for the syn-
elimination reaction.
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Figure 1: PLUTON drawing of X-ray crystal structure of (-)15a
The structures of 15a and 15b shown in Scheme 7 are representing the optimized conformation
deduced from AM1 calculations which indicate a large difference in the heat of formation, viz. 57.9
and 66.7 kcal/mol for 15a and 15b, respectively. The AM1 optimized conformation of 15a is very
similar to that presented in the crystalline data (see X-ray structure, Figure 1). Indeed this
conformation can not readily undergo syn-elimination as the selene oxide points away from the
hydrogen atom to be removed during the olefin formation.
The unexpected stability of seleninyl enones 15 was a fortuitous finding as it not only allows
generation of the tricyclodecatrienone 3 in the absence of any unwanted reagents but also the
fine-tuning of the subsequent syn-elimination reaction. These seleninyl compounds 15 are expected
to undergo syn-elimination at slightly elevated temperatures. The cycloelimination reaction of 15
was attempted by heating in various solvents (see Table 2).
Heating of 15 in toluene, dichloromethane or neat did not show any indication of the formation
of the desired trienone 3. Interestingly, the only identifiable products that were isolated, were the
deoxygenated selanyl enone 5c and diphenyl diselenide in consistent yields of 25-30% under all
three conditions (Table 2, entries 1, 2 and 3). Scrutinizing the chemical literature showed that the
observed deoxygenation of 15 is unique and unprecedented. A rational for this deoxygenation can
not be given yet, but it is clear that the reluctance of 15 to undergo the generally facile syn-
elimination is due to the high energy content of the annulated cyclopentadienone structure 3
resulting from this elimination. Apparently, there are other less energy requiring reaction pathways
available for the seleninyl enone 15 under the applied thermal conditions. When the elimination
reaction was attempted by heating 15 in methanol, ethanol or n-butanol as nucleophilic solvents in
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order to trap the possibly formed trienone 3, no significant change in product formation was
observed when compared with the preceding cases (Table 2, entries 4, 5 and 6).
Table 2: Attempted generation of tricyclotrienone 3 from phenylseleninyl tricyclodecadienone 15
in the presence of nucleophilic trapping agents
Entry Solvent Base Temp. (°C) Time Product (yield)
1 Dichloromethane reflux 3 d 5c (20%) + PhSeSePh (25%)
2 Toluene reflux 1 d 5c (25%) + PhSeSePh (30%)
3 No solvent 125 1 d 5c (25%) + PhSeSePh (30%)
4 Methanol reflux 4 h 5c (10%) + PhSeSePh (15%)
5 Ethanol reflux* 1 h 5c (10%) + PhSeSePh (15%)
6 Butanol reflux* 1 h 5c (20%) + PhSeSePh (25%)
7 Methanol KOH 0 30 min. 6 (30%)
8 Methanol K2CO3 0 1 h 6 (20%)
9 Pyrrolidine 0 1 d No reaction
10 Pyrrolidine KOH 0 1 h 8 (15%)
11 Dichloromethane MeLi -78 15 min. MeSePh (50%)
12 Dichloromethane BuLi -78 15 min. BuSeBu (40%)
13 Dichloromethane Me2CuLi -78 30 min. MeSePh (25%)
* Heated to reflux in microwave at 500 W
Microwave activation may considerably accelerate organic reactions8, especially when very
polar groups are involved. Dehydrosulfenylation of sulfoxides proceeds about 1300 times faster,
compared with the same reaction under thermal condition.9 This reaction resembles the elimination
of phenylselenenic acid from selene oxides (Scheme 5). Therefore, several microwave experiments
were performed. Although the reaction rates increased slightly, the obtained product mixtures were
similar to those obtained without microwave (Table 2, entries 4, 5 and 6). This complete lack of
formation of any 1,4-addition product 8 strongly suggests that no tricyclodecatrienone 3 is formed
at all under these mild thermal conditions (Table 2, entries 5 and 6).
Surprisingly, the addition of some base (potassium hydroxide or potassium carbonate, Table 2,
entries 7 and 8) to the methanol solution of 15 considerably enhanced its decomposition and
afforded some 1,4-addition product 6, indicating the intermediacy of 3. In contrast, the use of
pyrrolidine as a weak base and as solvent did not lead to any conversion at the same temperature.
However, adding solid potassium hydroxide and stirring for one hour at room temperature led to
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formation of the bridgehead pyrrolidine 1,4-addition product 8 in 15% yield (Table 2, entries 9 and
10). In all three cases, base is apparently needed to induce the elimination of the seleninyl group in
15 in order to produce 3. Probably, this base-induced reaction proceeds by a regular 1,2-elimination
instead of a cycloelimination that was originally planned. Finally, the use of organolithium
compounds, which can also react both as base and as nucleophile, did not lead to success. Only
complex mixtures of products were obtained (Table 2, entries 11, 12 and 13). The formation of
relatively high yields of selanyl ethers suggests an initial attack at the selanyl function.
4.3 Concluding remarks
In summary, the in situ synthesis of tricyclodecatrienone 3 could be accomplished successfully
by base-induced dehydrobromination of 6-bromo-tricyclodecadienone 5a. The thus formed trienone
3 reacted with pyrrolidine at the central enone unit to produce 6-pyrrolidino-tricyclodecadienone 8
in excellent yield when short reaction times were applied. With other selected amines similar
product formation does take place, but the resulting compounds were too unstable to allow their
isolation. The alternative in situ generation of trienone 3 involving the syn-elimination of
phenylselenenic acid from 6-phenylseleninyl tricyclodecadienone 15 did not take place as was
expected. Evidently, the activation energy for the formation of highly strained trienone 3 is too high
for this cycloelimination reaction. By using bases such as potassium hydroxide and potassium
carbonate a 1,2-elimination could be accomplished to give 3, but then trapping with nucleophiles
such as methanol and pyrrolidine only produced a low yield of trapping product. The results
presented in this chapter clearly demonstrate the considerable influence of the extra outer enone
function on the formation and reactivity of the central enone unit in tricyclodecatrienone 3.
In conclusion, 6-phenylselanyltricyclodecadienone 5c proved to be a poor precursor for the
synthesis of tricyclodecatrienone 3. Bromotricyclodecadienone 5a serves this purpose much better
although strong nucleophiles are needed to prevent dimerization of 3.5 Amino groups could be
introduced, but the limited stability of the amino substituted tricyclic system cause purification and
isolation problems.
4.4 Experimental
General remarks
FT-IR spectra were recorded on a Biorad WIN-IR FTS-25 spectrophotometer. 1H- and 13C-NMR spectra
were obtained on a Bruker AM-400, a Bruker AC-300 and a Bruker AC-100 at T=298 K unless other stated.
Chemical shifts were reported relative to TMS. Mass spectrometric (MS) analyses were measured on a
Chapter 4
66
double focussing VG Analytical 7070E mass spectrometer. GC-MS analyses were performed using a Varian
Saturn II GC-MS ion trap system, equipped with a Varian 8100 autosampler. Separation was carried out on a
fused silica HP-1 capillary column (DB-5, 30m x 0.25 mm). Helium was used as a carrier gas and electron
impact (EI) was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments
CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241 Polarimeter.
Melting points were determined with a Reichert Thermopan microscope and are uncorrected. Gas
chromatographic (GC) analyses were performed on a Hewlett-Packard HP5890A or a Hewlett-Packard
HP5890II gas chromatograph (flame ionization detector, FID) using a capillary column (HP-1, 25 m x 0.32
mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm.) as the carrier gas. The GC temperature programs
employed were either from 50ºC (5 minutes isothermal) to 250ºC at 15ºC/min followed by 2 min at 250ºC
(isothermal) or from 100ºC to 250ºC at 15ºC/min followed by 10 min at 250ºC (isothermal). Column
chromatography was carried at ambient pressure out using Merck Kieselgel 60. Thin layer chromatography
(TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) using the eluents indicated.
Spots were visualized with UV, by reaction with I2 or molybdate spray. Solvents were dried using the
following methods: dichloromethane and hexane were distilled from calcium hydride, diethyl ether was
distilled from sodium hydride, ethyl acetate was distilled from potassium carbonate and toluene was distilled
from sodium. THF was distilled first from calcium hydride and then from sodium with benzophenone as
indicator under argon, directly prior to use. All other solvents were of analytical grade.
6-Bromo-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5a.
Starting with 5-oxo-endo-tricyclo[5.2.1.02,6]deca-3,8-diene-2-carboxylic acid (1.035 g, 5.4
mmol) the literature procedure5 was followed with a slightly modified purification method. The
crude product was dissolved in ether and washed several times with 1 M HCl aq. until complete
removal of most of the impurities and the main byproduct 6-pyridylthio-endo-
tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (checked with pH-paper) was reached. The remaining
organic layer was dried (MgSO4), concentrated and the residue purified with column chromatography
(EtOAc/hexane =1/12). Bromotricyclodecadienoneproduct 5a (1.1 g, 4.9 mmol) was obtained as a white
solid in 90% yield. Spectral data of 6-bromo-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5a were in
agreement with the reported data.5
(1R,2R,6S,7S)-6-(phenylselanyl)tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)5c.
Starting with (1S,2S,6S,7R)-5-oxotricyclo[5.2.1.02,6]deca-3,8-diene-2-carboxylic
acid (0.950 g (5 mmol, [α]D22 = -84.1° (c 1.22, MeOH), literature3: [α]D25 = -83°),
the literature procedure5 was followed and  product (-)5c (1.350 g, 4.5 mmol) was
obtained as a white solid in 90% yield. Spectral data of (1R,2R,6S,7S)-6-(phenyl-
selanyl)tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)5c was in agreement with the reported data.5
[α]D22 = -495° (c 1.57, CDCl3).
O
Br
O
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6-Pyrrolidino-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 8.
To pyrrolidine (5 ml) was added a KOH tablet (ca. 200 mg, 3.6 mmol) and the solution was
stirred for 1 hour at room temperature. Then the reaction mixture was cooled down to 0 °C
(ice water) and 6-bromo-endo-tricyclodecadienone 5a (0.225 g, 1 mmol) was added under
vigorously stirring. After 5 min. the reaction was quenched with saturated NH4Cl aq. The
work-up procedure was performed at 0 °C and cooled solvents were used. The removal of
solvents under reduced pressure was also carried out at low temperature (T < 0 °C). The product was purified
by column chromatography (EtOAc/hexane = 1/3) and the eluate was collected at 0 °C. The eluent was
evaporated under reduced pressure at low temperature. Finally 6-pyrrolidino-endo-tricyclodecadienone 8
(0.195 g, 0.91 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3, 279 K): δ 7.41 (d, 3J5,4=5.9 Hz, 1H, H5), 6.08 (d, 3J4,5=5.9 Hz, 1H, H4),
5.96 (brs, 2H, H8+H9), 3.20 (brs, 1H, H1), 3.00 (brs, 1H, H7), 2.77 (brs, 4H, NCH2), 2.76 (d,
3J2,1=4.6 Hz, 1H, H2), 2.32 (d, 2J10s,10a=8.2 Hz, 1H, H10s), 1.76 (brs, 4H, NCH2CH2), 1.75 (d,
2J10a,10s=8.2 Hz, 1H, H10a), ppm. 13C NMR (100 MHz, H-dec, CDCl3, 279 K): δ 208.9 (quat.), 160.7,
137.2, 134.7(2X) (tert), 78.1 (quat.), 55.6 (tert.), 51.1, 48.3(2X) (sec.), 48.1, 45.9 (tert.), 24.1(2X)
(sec.) ppm. IR (CCl4): ν 2970 (C-H), 2875 (C-H), 2810 (C-H), 1709 (C=O), 1252 (C-N) cm-1. GCMS(EI):
m/e (%) 215 (19, M+), 187 (100, M+-CO), 149 (90, M+-C5H6), 121 (31, M+-CO-C5H6). HRMS(EI): m/e
215.13085 [calc. for C14H17NO (M+) 215.13101].
Reaction of 6-bromo-endo-tricyclodecadienone 5a with diethylamine.
To ethylamine (5 ml) was added a KOH tablet (ca. 200 mg, 3.6 mmol) and the solution was stirred for 1 hour
at room temperature. Then the reaction mixture was cooled down to 0 °C (ice water) and 6-bromo-endo-
tricyclodecadienone 5a (0.112 g, 0.5 mmol) was added under vigorously stirring. The reaction was complete
after 20 min. (GC). GCMS analysis indicated the formation of a C6 diethylamine substituted tricyclodeca-
dienone. The reaction was quenched with saturated NH4Cl aq. and the work-up procedure was performed at
0 °C and cooled solvents were used. The removal of solvents under reduced pressure was also carried out at
low temperature (T < 0 °C). However, the product could not be purified by column chromatography or
preparative TLC.
GCMS(EI): m/e (%) 217 (6, M+), 189 (71, M+-CO), 151 (100, M+-C5H6), 123 (17, M+-CO-C5H6).
Reaction of 6-bromo-endo-tricyclodecadienone 5a with piperidine.
To piperidine (5 ml) was added a KOH tablet (ca. 200 mg, 3.6 mmol) and the solution was stirred for 1 hour
at room temperature. Then the reaction mixture was cooled to 0 °C (ice water) and 6-bromo-endo-tricyclo-
decadienone 5a (0.169 g, 0.75 mmol) was added under vigorously stirring. The reaction was ended after 60
min. (GC: 25% 5a, 30% piperidine-tricyclodecadienone, 45% degradation products). GCMS analysis
indicated the formation of a C6 piperidine substituted tricyclodecadienone. The reaction was quenched with
saturated NH4Cl aq. and the work-up procedure was performed at 0 °C and cooled solvents were used. The
O
N
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removal of solvents under reduced pressure was also carried out at low temperature (T < 0 °C). However, the
product could not be purified by column chromatography or preparative TLC.
GCMS(EI): m/e (%) 229 (11, M+), 201 (95, M+-CO), 163 (100, M+-C5H6), 135 (23, M+-CO-C5H6).
Reaction of 6-bromo-endo-tricyclodecadienone 5a with benzylamine.
To benzylamine (0.5 ml) in THF (5 ml) was added a KOH tablet (ca. 200 mg, 3.6 mmol) and the solution
was stirred for 1 hour at room temperature. Then the reaction mixture was cooled to 0 °C (ice water) and
6-bromo-endo-tricyclodecadienone 5a (0.140 g, 0.62 mmol) was added under vigorously stirring. The
reaction was monitored by GC and ended after 80 min. when all substrate 5a had reacted. However, a
complex product mixture was obtained and purification by column chromatography or preparative TLC
appeared impossible.
(1R,2R,6S,7S)-6-(Phenylseleninyl)tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)15a and 15b.
A solution of 6-phenylselanyl-endo-tricyclodecadienone (-)5c (0.975 g, 3.24 mmol)
in methanol (50 ml) was treated with a solution of sodium periodate (1 g) in water
(10 ml) at ca. 0 °C (ice water). After 1 h, methanol was evaporated and the crude
product dissolved in dichloromethane and then dried (MgSO4) and filtered. The
solvent was evaporated under reduced pressure to give product (1.020 g, 3.22
mmol), which was a mixture of diastereoisomers: 15a (65%) and 15b (35%). This
mixture had an optical rotation of [α]D22 = -562° (c 1.16, CDCl3). Crystallization
from trichloromethane/tetrachloromethane gave pure (according to NMR) (-)15a
(0.200 g), m.p. 108-112 °C, of which single crystal X-ray analysis has been
performed.
15a: [α]D22 = -612° (c 1.13, CDCl3). 1H NMR (400 MHz, CDCl3): δ 7.68 (m, 1H, CH2C6H5), 7.58 (m,
2H, CH2C6H5), 7.50 (m, 2H, CH2C6H5), 7.45 (d, 3J5,4=5.8 Hz, 1H, H5), 6.00 (brs, 1H, H8), 5.96 (brs,
1H, H9), 5.87 (d, 3J4,5=5.8 Hz, 1H, H4), 3.60 (brs, 1H, H7), 3.38 (brs, 1H, H1), 2.76 (d, 3J2,1=4.6 Hz,
1H, H2), 2.17 (d, 2J10s,10a=9.4 Hz, 1H, H10a), 2.00 (d, 2J10a,10s=9.4 Hz, 1H, H10s), ppm. 13C NMR (100
MHz, H-dec, CDCl3): δ 205.2 (quat.), 159.4, 139.4 (tert), 138,0 (quat.), 134.6, 133.7, 132.0(2X),
129.6(2X), 126.0 (tert.), 78.5 (quat.), 52.8 (tert.), 51.5 (sec.), 46.7, 45.6 (tert.) ppm. IR (CCl4): ν 3080
(C-Hunsat), 3065 (C-Hunsat), 3030 (C-Hunsat), 2980 (C-H), 2960 (C-H), 2875 (C-H), 2850 (C-H), 1706 (C=O)
cm
-1
. MS(EI): m/e (%) 318 (<1, M+), 174 (27, C6H580SeOH+), 157 (34, C6H580Se+), 144 (27,
M+-C6H580SeOH), 115 (100, C9H7+), 77 (37, C6H5+). HRMS(EI): m/e 318.01586 [calc. for C16H14O280Se (M+)
318.01590].
15b: (Derived from spectra of mixture 15a and 15b) 1H NMR (400 MHz, CDCl3): δ 7.68 (m, 1H, CH2C6H5),
7.58 (m, 2H, CH2C6H5), 7.50 (m, 2H, CH2C6H5), 6.82 (d, 3J5,4=5.7 Hz, 1H, H5), 6.08 (d, 3J4,5=5.8 Hz, 1H,
H4), 6.06 (brs, 1H, H8), 5.89 (brs, 1H, H9), 3.38 (brs, 1H, H1), 3.22 (d, 3J2,1=4.6 Hz, 1H, H2), 3.18 (brs, 1H,
H7), 2.31 (d, 2J10a,10s=9.1 Hz, 1H, H10a), 1.93 (d, 2J10s,10a=9.1 Hz, 1H, H10s), ppm. 13C NMR (100 MHz, H-dec,
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CDCl3): δ 205.9 (quat.), 157.1, 140.7 (tert), 138,1 (quat.), 135.8, 133.3, 132.0(2X), 129.6(2X), 126.4 (tert.),
78.5 (quat.), 52.1, (tert.), 51.3 (sec.), 46.1, 46.2 (tert.) ppm.
Reactions of 6-phenylseleninyltricyclodecadienone 15.
Table 2, entry 1:
Phenylseleninyltricyclodecadienone 15 (0.16 g, 0.5 mmol) was dissolved in dichloromethane (25 ml), heated
to reflux under inert atmosphere and product formation was monitored (TLC and GC). After 3 d. the solvent
was evaporated under reduced pressure and the crude product was purified by column chromatography
(EtOAc/hexane = 1/18). Phenylselanyltricyclodecadienone 5c (white solid, 0.030 g, 0.1 mmol) and diphenyl
diselenide (yellow solid, 0.039 g, 0.13 mmol) were obtained in 20% and 25% yield, respectively.
Table 2, entry 2:
Conducted similarly as in entry 1 with toluene as solvent. Phenylselanyltricyclodecadienone 5c (white solid,
0.037 g, 0.12 mmol) and diphenyl diselenide (yellow solid, 0.047 g, 0.15 mmol) were obtained in 25% and
30% yield, respectively.
Table 2, entry 3:
Phenylseleninyltricyclodecadienone 15 (0.16 g, 0.5 mmol) was heated to 125 °C under argon for 1 d.
Phenylselanyltricyclodecadienone 5c (white solid, 0.038 g, 0.125 mmol) and diphenyl diselenide (yellow
solid, 0.047 g, 0.15 mmol) were obtained after purification by column chromatography (EtOAc/hexane =
1/18) in 25% and 30% yield, respectively.
Table 2, entry 4:
Conducted similarly as in entry 1 with methanol as solvent. Phenylselanyltricyclodecadienone 5c (white
solid, 0.015 g, 0.05 mmol) and diphenyl diselenide (yellow solid, 0.023 g, 0.075 mmol) were obtained in
10% and 15% yield, respectively.
Table 2, entry 5:
Phenylseleninyltricyclodecadienone 15 (0.16 g, 0.5 mmol) was dissolved in ethanol (25 ml), heated to reflux
(microwave, 500 W) and product formation was monitored (TLC and GC). After 1 h the solvent was
evaporated under reduced pressure and the crude product was purified by column chromatography
(EtOAc/hexane = 1/18). Phenylselanyltricyclodecadienone 5c (white solid, 0.016 g, 0.05 mmol) and
diphenyl diselenide (yellow solid, 0.024 g, 0.077 mmol) were obtained in 10% and 15% yield, respectively.
Table 2, entry 6:
Conducted similarly as in entry 5 with butanol as solvent. Phenylselanyltricyclodecadienone 5c (white solid,
0.030 g, 0.10 mmol) and diphenyl diselenide (yellow solid, 0.038 g, 0.12 mmol) were obtained in 20% and
25% yield, respectively.
Table 2, entry 7:
Phenylseleninyltricyclodecadienone 15 (0.32 g, 1 mmol) was dissolved in methanol (25 ml) at 0 °C. A KOH
tablet (ca. 200mg, 3.6 mmol) was added and after vigorously stirring for 30 min. the reaction was quenched
with conc. NH4Cl aq. After aqueous work-up using standard procedures, the crude product was purified by
Chapter 4
70
column chromatography (EtOAc/hexane = 1/5). Methoxytricyclodecadienone 6 (0.053 g, 0.3 mmol) was
obtained as a colorless oil in 30% yield.
Table 2, entry 8:
Conducted similarly as in entry 7 with K2CO3 as base and a reaction time of 1 h Methoxytricyclo-
decadienone 6 (0.035 g, 0.2 mmol) was obtained as a colorless oil in 20% yield.
Table 2, entry 9:
Phenylseleninyltricyclodecadienone 15 (0.32 g, 1 mmol) was dissolved in pyrrolidine (25 ml) at 0 °C. No
formation of reaction products were observed after 1 d. and longer.
Table 2, entry 10:
Phenylseleninyltricyclodecadienone 15 (0.32 g, 1 mmol) was dissolved in pyrrolidine (25 ml) at 0 °C. A
KOH tablet (ca. 200 mg, 3.6 mmol) was added and the reaction mixture was vigorously stirred. After 1 h the
reaction was quenched with saturated NH4Cl aq. The work-up procedure was performed at 0 °C and cooled
solvents were used. The removal of solvents under reduced pressure was also carried out at low temperature
(T < 0 °C). The product was purified by column chromatography (EtOAc/hexane = 1/3) and the eluate was
collected at 0 °C. The eluent was evaporated under reduced pressure at low temperature.
Pyrrolidinotricyclodecadienone 8 (0.032 g, 0.15 mmol) was obtained as a colorless oil in 15% yield.
Table 2, entry 11:
Phenylseleninyltricyclodecadienone 15 (0.27 g, 0.85 mmol) was dissolved in dichloromethane (15 ml) and
the mixture was cooled to -78 °C. Methyllithium (0.80 ml 1.6 M, 1.28 mmol) was added and after 15 min.
the reaction was quenched with saturated NH4Cl. After the standard work-up procedure,
methylphenylselenide (0.073 g, 0.43 mmol) was obtained as a slightly yellow colored oil in 50% yield.
Table 2, entry 12:
Conducted similarly as in entry 11 with butyllithium as reagent. Dibutylselenide (0.065 g, 0.34 mmol) was
obtained as a slightly yellow colored oil in 40% yield.
Table 2, entry 13:
Conducted similarly as in entry 11 with lithium dimethylcuprate as reagent. Methylphenylselenide (0.036 g,
0.21 mmol) was obtained as a slightly yellow colored oil in 25% yield.
X-ray analysis of 15a
(1R,2R,6S,7S)-6-(Phenylseleninyl)tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)15a
Crystals of (-)15a suitable for X-ray diffraction studies were obtained from a mixture of
tetrachloromethane/dichloromethane by slow cooling of the solvent. A single crystal was mounted in air on a
glass fibre. Intensity data were collected at a temperature of -65 °C. An Enraf-Nonius CAD4 single-crystal
diffractometer was used, Cu-Kα radiation,  θ-2θ-scan mode. Unit cell dimensions were determined from the
angular setting of 25 reflections. Intensity data were corrected for Lorentz and polarization effects.
Semi-empirical absorption correction (ψ-scan)10 was applied. The structure was solved by the program
system DIRDIF11 using the program PATTY12 to locate the selenium atom and was refined with standard
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methods (refinement against F2 of all reflections with SHELXL9713) with anisotropic parameters for the
non-hydrogen atoms. All hydrogens were placed at calculated positions and were refined riding on the parent
atoms. A structure determination summary is given in Table 3. A PLUTON14 drawing is shown in Figure 1.
Table 3: Crystal data and structure refinement for compound (-)15a.
Identification code (-)15a
Crystal color transparent colorless
Crystal shape irregular lump
Crystal size 0.38 x 0.34 x 0.26 mm
Empirical formula C16H14O2Se
Formula weight 317.23 g/mol
Temperature 208(2) K
Radiation / Wavelength CuKα (graphite monochrom.) / 1.54184 Å
Crystal system Monoclinic
Space group P 21
Unit cell dimensions a = 7.66300(19) Å α = 90°
( 25 reflections 40.096 < θ < 46.013 ) b = 10.8936(3) Å β = 95.1154(18)°
c = 8.0246(3) Å γ = 90°
Volume 667.21(3) Å3
Z 2
Calculated density 1.579 g/cm3
Absorption coefficient 3.764 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 320
θ range for data collection 5.53° to 69.90°
Index ranges -9 ≤ h ≤ 9, 0 ≤ k ≤ 13, -9 ≤ l ≤ 0
Reflections collected / unique 1430 / 1335 [R(int) = 0.0268]
Reflections observed 1315 ([Io > 2σ (Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.236 and 0.875
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 1335 / 1 / 172
Goodness-of-fit on F2 1.153
SHELXL-97 weight parameters 0.083000, 0.073100
Final R indices [I>2σ(I)] R1 = 0.0404, wR2 = 0.1016
R indices (all data) R1 = 0.0408, wR2 = 0.1023
Largest diff. peak and hole 1.452 and -0.997 e/Å3
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Chapter 5
Facial selectivity in the cuprate addition to
6-substituted tricyclo[5.2.1.02,6]deca-4,8-dienones
5.1 Introduction
Naturally occurring cyclopentenoids1 can conveniently be synthesized from endo-tricyclo-
[5.2.1.02,6]decadienone system 1, following the strategy outlined in Scheme 1. An important feature
of this strategy is the stereocontrolled addition to the enone moiety. The concluding step in this
synthetic sequence is a cycloreversion reaction, either thermally or induced by a Lewis acid, thus
producing the cyclopentenoid target molecules 3. Both antipodes of 1 can be obtained in
enantiopure form, implying that the above mentioned strategy2 is also suitable for the
enantioselective synthesis of cyclopentenoids.3
321
R
R'R
R'
R Lewis acid mediated
or thermal cycloreversion
chemical
transformations
OOO
6
Scheme 1
In this chapter the focus will be on the influence of substituents at the 6-position on the facial
selectivity of the enone addition reaction in endo-tricyclic system 1. The nucleophilic conjugate
addition to the enone unit in the parent system 1 (R=H) has been studied for various nucleophiles.4,5
Complete diastereoselectivity was observed independent of the nature of the nucleophile used. In all
cases exclusive endo-facial selectivity led to exo-substituted tricyclodecenone 4 (Scheme 2).
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More detailed studies on the addition reactions of lithium dimethylcuprate with 6-substituted
substrates 5 (X≠H) showed that mixtures of exo and endo products 6 and 7, respectively, are
obtained5,6,7 (Scheme 3, Table 1).
O
X
5 76
O
X
CH3
Me2CuLi
O
X
CH3
+
Scheme 3
Table 1: Diastereoselectivity in the lithium
dimethylcuprate addition to tricyclodecadienone 5
Substrate Ratio
Entry X exo 6 endo 7
a H 100 0
b COOEt 86 14
c OMe 23 77
d SMe 0 100
e SPh 0 100
f SePh 0 100
The result of this first comparative study7 of the conjugated addition to the enone moiety in
tricyclodecadienone 5 were rationalized by invoking steric interaction, stereo-electronic induction
according to the Cieplak's model8 and repulsive electronic interaction between the nucleophile and
group X. These explanations were rather complicated and provided no clear theory for the observed
stereoselectivity. A larger set of substituents at C6 would be desirable to shed more light on the
facial selectivity in these conjugate addition reactions. A new bridgehead alkylation9 procedure was
described in Chapter 3 and the thus accessible alkyl substituted substrates 5 (X=Alkyl) are of
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interest for extending the investigation on the stereocontrol of the enone addition reaction. This
study is the subject of this chapter.
5.2 Results and Discussion
The enone addition reaction was primarily studied with lithium dimethylcuprate as the
nucleophile (Scheme 4). Experiments were performed at least in duplicate in order to obtain reliable
isomer ratios. In most cases, the differences between duplicate experiments were small. However,
when deviating results were obtained extra experiments were carried out until satisfactory duplicate
isomer ratios were achieved. The results of this extended comparative study are collected in
Table 2. In average the yields of the addition reaction amounted to 90% and higher. Structural
assignments were based on 2D-1H-NMR NOESY technique and supplementary (hetero) COSY
data.
O
X
5 76
O
X
CH3
Me2CuLi
Et2O, -78 °C
c.y.: ~90%
O
X
CH3
+
Scheme 4
Table 2: Lithium dimethylcuprate additions to tricyclodecadienone 5
Substrate Ratio
Entry X exo 6 endo 7
g COOCH3 87 13
h CH3 50 50
i C(O)CH3 45 55
j CH2CH3 0 100
k CH(CH3)2 0 100
l CH2CH=CH2 0 100
m CH2Ph 0 100
n CH2C(O)Ph 0 100
o CH2COOCH2CH3 0 100
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The first entry in Table 2 entry shows that replacing the ethyl ester (5b) by the somewhat less
bulky methyl ester (5g) has no effect on the exo-endo ratio (86:14 vs. 87:13). However introduction
of the sterically smaller acetyl group (5i) has a large effect on this ratio, whereby the endo product
is even in excess. In spite of the fact that the steric volume of the methyl group is small, its effect on
the facial selectivity is quite remarkable as an exo-endo ratio of 50:50 is obtained. The bridgehead
ethyl group in 5j directs the addition completely in the endo fashion. The methoxy group (5c),
which is size-wise comparable with the ethyl group shows a ratio of 23:77. All other substituents at
the bridgehead position direct the addition completely to the endo product (5k, 5l, 5m, 5n, and 5o).
Interestingly, the insertion of an extra methylene group between the ester function and the
tricyclodecadienone skeleton leads to complete inversion of stereochemistry of the conjugate
additions (compare entries g en o). This observation seems consistent with the other results as in all
6-substituted enones 5 having a CH2-connection, cuprate addition leads to complete endo-selectivity
independent of the electronic nature of the remaining part of the substituent. An exception is the
methyl substituent in substrate 5h.
The results collected in the Table 1 and Table 2 clearly reveal the impact of the nature of the C6
substituents on the facial selectivity of the nucleophilic addition of lithium dimethylcuprate. Both
pathways of the addition are shown in Scheme 4. In order to evaluate steric and electronic effects
the results of the cuprate additions to C6 alkyl substituted tricyclodecadienones 5 and parent
compound 5a are listed in Table 3.
Table 3: Steric hindrance as a factor in the addition
to C6 alkyl substituted tricyclodecadienones
Substrate Ratio
Entry X exo 6 endo 7
a H 100 0
h CH3 50 50
j CH2CH3 0 100
l CH2CH=CH2 0 100
m CH2Ph 0 100
k CH(CH3)2 0 100
Assuming that there is no difference in electronic properties of the listed alkyl groups, steric
factors will be mainly responsible for the stereochemical outcome of these cuprate additions. The
effect of steric bulkiness seems quite dramatic. Whereas cuprate addition to parent tricyclodeca-
dienone 5a is completely exo-selective, the introduction of the small methyl group leads to a 1:1
ratio of exo and endo products. Even more striking is the difference between C6 methyl and ethyl
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substitution. Complete endo-selectivity is observed for the ethyl substituted substrate 5j. In
accordance herewith, increasing the bulkiness of the C6 alkyl group leads exclusively to C5-endo
addition products.
In conclusion, the stereochemistry of nucleophilic 1,4-addition of lithium dimethylcuprate to
6-alkyl substituted tricyclodecadienones 5 (X=Alkyl) is to a large extent governed by steric
approach control. Small changes in the steric demand of the alkyl group have already considerable
impact on the stereoselectivity of the addition. This conclusion is further substantiated by the
reaction of 6-methyltricyclodecadienone 5h with lithium dipentylcuprate. The increased bulkiness
of the cuprate reagents makes exo-facial addition to 5h again very unattractive leading exclusively
to endo-addition10 product 8 (Scheme 5).
O
CH3
5h 8
(C5H11)2CuLi
c.y.: 90%
O
CH3
C5H11  
Scheme 5
Although steric approach control is an important governing factor in the facial selectivity of
cuprate additions to tricyclodecadienone 5 the electronic nature of the C6 substituent in 5 plays also
a significant role (Table 4).
Table 4: Cieplak's model as a factor in the lithium
dimethylcuprate addition to C6 functionalized tricyclodecadienones
Substrate Ratio
Entry X exo 6 endo 7
g COOCH3 87 13
b COOCH2CH3 7 86 14
h CH3 50 50
i C(O)CH3 45 55
c OCH3 23 77
j CH2CH3 0 100
d SCH3 7 0 100
o CH2COOCH2CH3 0 100
n CH2C(O)Ph 0 100
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The earlier observations that cuprate additions to Herz ester 5g gave predominantly exo-addition
while predominantly endo-addition was found for tricyclodecadienones 5 containing C6 substituents
having less steric bulkiness7 suggests stereoelectronic control as defined by the Cieplak model8.
This stereoelectronic concept involves orbital interaction of the incipient bond at Cβ with the
different faces of the enone system. According to this theory stereoelectronic control is primarily
determined by interaction of the emerging σ*-orbital associated with the incipient bond at Cβ and
the aligned σ-bond at Cγ (Figure 1). If the σ-bond at the γ position that is aligned with the incipient
σ*-bond at the β-enone position has electron-donating properties, stabilization will occur due to
orbital overlap. Thus, the stereoelectronic control will be primarily governed by the relative
electron-donating capacity of the two σ-bonds at the γ position.
  formation of σ - σ bond 
σ* - orbital
σ
 - bond   O
H
norbonene moiety 
H
H
X
Nu-
stabilization
β
γ
Figure 1: Cieplak's model
When applied to the 6-substituted tricyclodecadienones 5 the stereoelectronic control of the
nucleophilic addition will primarily be affected by the difference in electron-donation properties of
the C6-C7 σ-bond and the C6-X σ-bond. If the electronic properties of the respective σ-bonds are
similar then there will be no preference and the facial selectivity is solely determined by steric
approach control. This is the case for the alkyl substituted tricyclodecadienones 5 (X=Alkyl) where
product formation can indeed be accounted for by steric considerations (vide supra). An interesting
demonstration of the impact of stereoelectronic control is summarized in Table 4 where a
comparison is made between a set of C6 functionalized tricyclodecadienones 5 which do not differ
much in steric bulkiness, but the more so in electronic properties (tricyclodecadienone 5c, 5d, 5h
and 5j). Evidently, cuprate addition to the 6-methoxy-tricyclic compound 5c is to a large extent
controlled by electronic factors as its steric bulk predicts at least a similar or larger endo-facial
preference. According to Cieplak's model exo-facial addition is indeed preferred in this cuprate
addition to 5c as the C6-O bond is considerable less electron donating than the alternative C6-C7
bond. Thus, addition will take place anti to the most donating σ-bond which is at the exo-face of the
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cyclopentenone moiety in 5c. A similar stereoelectronic effect was seen for the Herz ester 5g
(Table 4). The C6-CO2CH3 bond in 5g is considerably less electron donating than the C6-C7 bond
and therefore exo-addition is promoted. The observation of a high selectivity for this exo-addition is
somewhat surprising in view of the bulkiness of the ester group. A similar result is obtained for the
6-acetyltricyclodecadienone 5i. Again a considerable amount of exo-addition is observed. The most
convincing prove for the existence of some stereoelectronic control is given by the observation that
inserting a single methylene group between the electron-withdrawing carbonyl center and the C6
position in 5 completely changes the stereochemistry (compare entries b and o, i and n in Table 4).
In the compounds 5o and 5n the electronic properties of the C6-C7 and the C6-X bonds are now
much more similar and the stereochemistry of the nucleophilic addition reaction will be primarily
governed by steric approach control leading exclusively to endo-addition product.
The possibility that some kind of cuprate complexation with polar substituents, e.g. with the ester
or methoxy function, as present in 5g and 5c, may also attribute to preferential exo-addition seems
very unlikely as such complexation would also be expected for 5o and 5n. Moreover, earlier work
has shown that nucleophilic additions using other nucleophiles than cuprates gave similar
stereochemical results.11
In conclusion, this comparative study gives new insight in the conjugate addition to the enone
moiety in tricyclodecadienone 5. Steric hindrance and Cieplak's theory provide a satisfactory
explanation for the factors determining the facial selectivity.
5.3 Synthesis of β-substituted cyclopentenones
Until recently, the stereocontrolled synthesis of C6 alkyl substituted tricyclodecadienones was
rather difficult. However, the discovery of the bridgehead alkylation involving the 6-bromotricyclo-
decadienone 9 system gave access to optical active alkyl Cβ-substituted cyclopentenones (Chapter 3
and 6). In this section the application of the synthetic potential of the bridgehead alkylation
(Chapter 3) in combination with the stereoselective addition of organocopper reagents to the enone
moiety is briefly described.
The flash vacuum thermolysis (FVT) of a large variety of both exo- and endo-5-substituted
6-functionalized 6 and 7 proceeded very smoothly at 500°C and 10-2 torr to give the
cyclopentenones 10 generally in yields close to quantitative (Table 5). All the tricyclodecadienones
6 and 7 studied were racemic. Accordingly, the FVT of both 6 and 7 led to identical mixtures of
racemic cyclopentenones. These positive results form the basis for the synthesis of a series of
optically active alkyl substituted cyclopentenones that are of interest to the flavor and fragrance
industry. This topic will be described in Chapter 6.
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Table 5: FVT results using tricyclodecadienones 6 and 7
Substrate Preheating Product
Entry Compound X Temp (°C) No : Yield (%)
g 6g and 7g COOCH3 120 10 g 96
h 6h and 7h CH3 120 10 h 96
i 6i and 7i C(O)CH3 120 10 i 98
j 7j CH2CH3 120 10 j 93
k 7k CH(CH3)2 120 10 k 95
l 7l CH2CH=CH2 120 10 l 98
m 7m CH2Ph 180 10 m 86
n 7n CH2C(O)Ph 200 10 n 70
o 7o CH2COOCH2CH3 160 10 o 90
Temperature FVT oven = 500 °C, pressure = ca. 5x10-2 mbar.
5.4 Concluding remarks
The facial selectivity of the conjugate enone addition is governed by the substituent at C6 either
by steric approach control (alkyl substituents) and/or by the Cieplak theory involving orbital
interaction. Flash vacuum thermolysis of the obtained addition products allows the preparation of
β-substituted cyclopentenones. It should be noted that the chemistry presented in Chapter 3 is
essential for synthesis of the required C6 substituted starting materials.
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5.5 Experimental
General remarks
FT-IR spectra were recorded on a Biorad WIN-IR FTS-25 spectrophotometer. 1H- and 13C-NMR spectra
were obtained on a Bruker AM-400, a Bruker AC-300 and a Bruker AC-100 at T=298 K unless other stated.
Chemical shifts were reported relative to TMS. Mass spectrometric (MS) analyses were measured on a
double focussing VG Analytical 7070E mass spectrometer. GC-MS analyses were performed using a Varian
Saturn II GC-MS ion trap system, equipped with a Varian 8100 autosampler. Separation was carried out on a
fused silica HP-1 capillary column (DB-5, 30m x 0.25 mm). Helium was used as a carrier gas and electron
impact (EI) was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments
CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241 Polarimeter.
Melting points were determined with a Reichert Thermopan microscope and are uncorrected. Gas
chromatographic (GC) analyses were performed on a Hewlett-Packard HP5890A or a Hewlett-Packard
HP5890II gas chromatograph (flame ionization detector, FID) using a capillary column (HP-1, 25 m x 0.32
mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm.) as the carrier gas. The GC temperature programs
employed were either from 50ºC (5 minutes isothermal) to 250ºC at 15ºC/min followed by 2 min at 250ºC
(isothermal) or from 100ºC to 250ºC at 15ºC/min followed by 10 min at 250ºC (isothermal). Column
chromatography was carried at ambient pressure out using Merck Kieselgel 60. Thin layer chromatography
(TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) using the eluents indicated.
Spots were visualized with UV, by reaction with I2 or molybdate spray. Solvents were dried using the
following methods: dichloromethane and hexane were distilled from calcium hydride, diethyl ether was
distilled from sodium hydride, ethyl acetate was distilled from potassium carbonate and toluene was distilled
from sodium. THF was distilled first from calcium hydride and then from sodium with benzophenone as
indicator under argon, directly prior to use. All other solvents were of analytical grade.
General procedure for the lithium dimethylcuprate addition reaction to 5:
The experiments were carried out in dry diethyl ether under inert atmosphere. Lithium dimethylcuprate was
prepared at 0 °C by adding methyllithium (ca. 2.2 equiv.) to a suspension of CuI (ca. 1.1 equiv.) in
diethylether (15 ml). After stirring for 15 minutes the temperature was dropped to -78 °C and the
tricyclodecadienone (ca. 1 equiv. in a small amount of diethylether) was added slowly. The reaction was
monitored by TLC until completion (usually 15 - 30 min.) and then (after 15 min.) allowed to slowly reach
0 °C. The reaction mixture was then quenched with saturated NH4Cl aq. After aqueous work-up using
standard procedures the crude product was purified by column chromatography over silica gel.
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Methyl exo-3-methyl-5-oxo-endo-tricyclo[5.2.1.02,6]dec-8-ene-2-carboxylate 6g and methyl endo-3-methyl-
5-oxo-endo-tricyclo[5.2.1.02,6]dec-8-ene-2-carboxylate 7g.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157 g)
and methyl 5-oxo-endo-tricyclo[5.2.1.02,6]deca-3,8-diene-2-carboxylate 5g (0.154 g, 0.75
mmol). A mixture of exo 6g (GC: 87%) and endo 7g (GC: 13%) was obtained. Purification
by column chromatography (EtOAc/hexane = 1/10) gave both compounds 6g (0.129 g,
0.59 mmol) and 7g (0.019 g, 0.09 mmol) as colorless oils in 90% total yield.
6g: 1H NMR (400 MHz, CDCl3): δ 6.30 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.20 (dd,
3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.78 (s, 3H, OCH3), 3.47 (d, 3J2,1=4.4 Hz, 1H, H6), 3.46
(brs, 1H, H7), 3.18 (brs, 1H, H1), 2.27 (m, 2H, H4n and H4x), 2.05 (m, 1H, H3n), 1.69 (d,
2J10s,10a=8.8 Hz, 1H, H10s), 1.40 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.02 (d, 3J=7.0 Hz, 3H, CH3)
ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 216.7, 175.7 (quat.), 138.6, 135.5 (tert), 63.6 (quat.), 60.6
(tert.), 52.4 (sec.), 51.8 (tert.), 49.9 (sec.), 49.2, 45.0 (tert), 35.3, 17.5 (prim.) ppm. IR (CCl4): ν 2995 (C-H),
2967 (C-H), 2875 (C-H), 1734 (C=O) cm-1. GCMS(EI): m/e (%) 220 (<1, M+), 155 (100, M+-C5H5), 66 (81,
C5H6+). HRMS(EI): m/e 220.10990 [calc. for C13H16O3 (M+) 220.10994].
7g: 1H NMR (400 MHz, CDCl3): δ 6.34 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 6.16 (dd, 3J8,9=5.7 Hz,
3J8,7=3.0 Hz, 1H, H8), 3.75 (s, 3H, OCH3), 3.49 (d, 3J2,1=5.1 Hz, 1H, H6), 3.45 (brs, 1H, H1), 3.22 (brs, 1H,
H7), 2.44 (m, 1H, H3n), 2.32 (dd, 2J4x,4n=18.5 Hz, 3J4x,3x=9.5 Hz, 1H, H4x), 1.82 (dd, 2J4n,4x=18.5 Hz,
3J4n,3x=12.0 Hz, 1H, H4n), 1.58 (d, 2J10s,10a=8.7 Hz, 1H, H10s), 1.41 (d, 2J10a,10s=8.7 Hz, 1H, H10a), 1.21 (d,
3J=6.9 Hz, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 218.7, 176.9 (quat.), 138.2, 135.6 (tert),
62.6 (quat.), 60.1, 51.7 (tert.), 51.2 (sec.), 48.9 (tert.) 48.7 (sec.), 47.0 (tert), 35.3, 15.9 (prim.) ppm. IR
(CCl4): ν 2995 (C-H), 2960 (C-H), 2875 (C-H), 1734 (C=O) cm-1. GCMS(EI): m/e (%) 220 (<1, M+), 155
(56, M+-C5H5), 66 (100, C5H6+). HRMS(EI): m/e 220.1099 [calc. for C13H16O3 (M+) 220.1099].
Exo-5,6-dimethyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 6h and endo-5,6-dimethyl-endo-tricyclo[5.2.1.02,6]
dec-8-en-3-one 7h.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157 g)
and 6-methyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5h (0.120 g, 0.75 mmol). A
mixture of exo 6h (GC: 50%) and endo 7h (GC: 50%) was obtained. Purification by
column chromatography (EtOAc/hexane = 1/10) gave both compounds 6h (0.060 g, 0.34
mmol) and 7h (0.059 g, 0.34 mmol) as colorless oils in 90% total yield.
6h: 1H NMR (400 MHz, CDCl3): δ 6.23 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.19 (dd,
3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.12 (brs, 1H, H1), 2.62 (brs, 1H, H7), 2.46 (d, 3J2,1=4.4
Hz, 1H, H2), 2.15 (m, 2H, H4n and H4x), 2.02 (m, 1H, H5n), 1.80 (d, 2J10s,10a=8.8 Hz, 1H,
H10s), 1.66 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.32 (s, 3H, CH3), 1.01 (d, 3J=6.9 Hz, 3H, CH3)
ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 218.3 (quat.), 138.3, 135.8, 63.8, 52.3 (tert), 51.3, 50.2 (sec.),
50.1 (quat.), 45.5, 35.0 (tert), 22.5, 16,7 (prim.) ppm. IR (CCl4): ν 2960 (C-H), 2925 (C-H), 2860 (C-H),
O
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1735 (C=O) cm-1. GCMS(EI): m/e (%) 176 (<1, M+), 111 (100, M+-C5H5), 66 (81, C5H6+). HRMS(EI): m/e
176.1201 [calc. for C12H16O (M+) 176.1201].
7h: 1H NMR (400 MHz, CDCl3): δ 6.37 (dd, 3J8,9=5.6 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.04 (dd, 3J9,8=5.6 Hz,
3J9,1=3.0 Hz, 1H, H9), 3.12 (brs, 1H, H1), 2.64 (brs, 1H, H7), 2.48 (d, 3J2,1=4.4 Hz, 1H, H2), 2.19 (m, 1H, H5x),
2.06 (m, 1H, H4x), 1.88 (m, 1H, H4n), 1.73 (d, 2J10s,10a=8.5 Hz, 1H, H10s), 1.54 (d, 2J10a,10s=8.5 Hz, 1H, H10a),
1.35 (s, 3H, CH3), 1.07 (d, 3J=6.9 Hz, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 221.3 (quat.),
137.4, 135.8, 63.1, 51.6 (tert), 51.2, 50.9 (sec.), 50.2 (quat.), 47.6, 39.3 (tert), 29.3, 14,5 (prim.) ppm. IR
(CCl4): ν 2965 (C-H), 2930 (C-H), 2850 (C-H), 1734 (C=O) cm-1. GCMS(EI): m/e (%) 176 (<1, M+), 111
(100, M+-C5H5), 66 (93, C5H6+). HRMS(EI): m/e 176.1210 [calc. for C12H16O (M+) 176.1201].
6-Acetyl-exo-5-methyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 6i and 6-acetyl-endo-5-methyl-endo-tricyclo
[5.2.1.02,6]dec-8-en-3-one 7i.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157 g)
and 6-acetyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5i (0.142 g, 0.75 mmol). A
mixture of exo 6i (GC: 45%) and endo 7i (GC: 55%) was obtained. Purification by column
chromatography (EtOAc/hexane = 1/5) gave both compounds 6i (0.062 g, 0.30 mmol) and
7i (0.076 g, 0.37 mmol) as colorless oils in 90% total yield.
6i: 1H NMR (400 MHz, CDCl3): δ 6.32 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 6.26 (dd,
3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 3.48 (d, 3J2,1=4.4 Hz, 1H, H2), 3.40 (brs, 1H, H7), 3.17
(brs, 1H, H1), 2.32 (s, 3H, C(O)CH3), 2.27 (m, 1H, H4x), 2.17 (m, 2H, H4n and H5n), 1.65
(d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.25 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.01 (d, 3J=7.0 Hz, 3H,
CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 217.1, 210.7 (quat.), 139.3, 135.1
(tert), 69.2 (quat.), 59.0 (tert.), 51.7, 50.4 (sec.), 49.5, 45.2, 34.7 (tert), 29.2, 18,2 (prim.) ppm. IR (CCl4): ν
2965 (C-H), 2921 (C-H), 2872 (C-H), 1743 (C=O), 1700 (C=O) cm-1. GCMS(EI): m/e (%) 204 (9, M+), 139
(53, M+-C5H5), 66 (100, C5H6+). HRMS(EI): m/e 204.11520 [calc. for C13H16O2 (M+) 204.11503].
7i: 1H NMR (400 MHz, CDCl3): δ 6.39 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.19 (dd, 3J9,8=5.7 Hz,
3J9,1=3.0 Hz, 1H, H9), 3.44 (d, 3J2,1=4.4 Hz, 1H, H2), 3.43 (brs, 1H, H7), 3.21 (brs, 1H, H1), 2.35 (m, 2H, H4x
and H5x), 2.30 (s, 3H, C(O)CH3), 1.88 (m, 1H, H4n), 1.55 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.25 (d, 2J10a,10s=8.8
Hz, 1H, H10a), 1.21 (d, 3J=6.6 Hz, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 218.5, 209.3
(quat.), 138.2, 135.9 (tert), 68.9 (quat.), 59.3 (tert.), 51.5, 48.9 (sec.), 48.0, 46.8, 33.4 (tert), 26.9, 16,2 (prim.)
ppm. IR (CCl4): ν 2965 (C-H), 2934 (C-H), 2876 (C-H), 1739 (C=O), 1701 (C=O) cm-1. GCMS(EI): m/e (%)
204 (7, M+), 139 (33, M+-C5H5), 66 (100, C5H6+). HRMS(EI): m/e 204.11501 [calc. for C13H16O2 (M+)
204.11503].
6-Ethyl-endo-5-methyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 7j.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157 g) and 6-ethyl-endo-
tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5j (0.131 g, 0.75 mmol). After purification by column
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chromatography (EtOAc/hexane = 1/10) only endo 7j (0.128 g, 0.67 mmol) was obtained as
a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.39 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.07 (dd,
3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.11 (brs, 1H, H1), 2.78 (brs, 1H, H7), 2.55 (d, 3J2,1=4.4
Hz, 1H, H2), 2.26 (m, 1H, H5x), 1.86 (m, 1H, H4x), 1.73 (q, 3J=5.9 Hz, 2H, CH2CH3), 1.71 (d, 2J10s,10a=8.8 Hz,
1H, H10s), 1.63 (m, 1H, H4n), 1.53 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.08 (d, 3J=6.6 Hz, 3H, CH3), 0.99 (d, 3J=5.9
Hz, 3H, CH2CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 221.3 (quat.), 137.6, 136.0, 60.9 (tert), 55.0
(quat.), 51.0, 50.0 (sec.), 49.9, 47.4, 34.9 (tert), 34.2 (sec.), 16.2, 9,9 (prim.) ppm. IR (CCl4): ν 2967 (C-H),
2925 (C-H), 2879 (C-H), 1730 (C=O) cm-1. GCMS(EI): m/e (%) 190 (<1, M+), 125 (100, M+-C5H5), 66 (4,
C5H6+). HRMS(EI): m/e 190.13563 [calc. for C13H18O (M+) 190.13577].
6-Isopropyl-endo-5-methyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 7k.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157 g)
and 6-isopropyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5k (0.141 g, 0. 75 mmol). After
purification by column chromatography (EtOAc/hexane = 1/10) only endo 7k (0.137 g, 0.67
mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.45 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.09 (dd,
3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.10 (brs, 1H, H1), 3.02 (brs, 1H, H7), 2.67 (d, 3J2,1=4.4 Hz, 1H, H2), 2.27
(m, 1H, H5x), 2.26 (m, 1H, CH(CH3)2), 1.86 (m, 2H, H4n and H4x), 1.72 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.51 (d,
2J10a,10s=8.8 Hz, 1H, H10a), 1.09 (d, 3J=6.4 Hz, 3H, CH3), 1.04 (d, 3J=6.9 Hz, 3H, CH(CH3)2), 0.97 (d, 3J=6.7
Hz, 3H, CH(CH3)2), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 221.4 (quat.), 138.5, 135.8, 61.3 (tert),
58.5 (quat.), 50.9, 50.8 (sec.), 49.1, 47.6, 36.7, 29.2 (tert), 19.1, 19.0, 18,7 (prim.) ppm. IR (CCl4): ν 2960
(C-H), 2925 (C-H), 2870 (C-H), 1735 (C=O) cm-1. GCMS(EI): m/e (%) 204 (<1, M+), 139 (100, M+-C5H5),
66 (14, C5H6+). HRMS(EI): m/e 204.15149 [calc. for C14H20O (M+) 204.15142].
6-Allyl-endo-5-methyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 7l.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157 g)
and 6-allyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5l (0.139 g, 0.75 mmol). After
purification by column chromatography (EtOAc/hexane = 1/20) only endo 7l (0.135 g,
0.67 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.38 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.07 (dd,
3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 5.89 (m, 1H, CH2CH=CH2), 5.09 (m, 2H, CH2CH=CH2), 3.14 (brs, 1H,
H7), 2.78 (brs, 1H, H1), 2.61 (d, 3J2,1=4.4 Hz, 1H, H2), 2.45 (m, 1H, H4x), 2.25 (m, 1H, H5x), 2.23 (m, 2H,
CH2CH=CH2), 1.84 (m, 1H, H4n), 1.75 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.55 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.06
(d, 3J=6.7 Hz, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 220.8 (quat.), 137.3, 136.3, 135.2
(tert), 117.9 (sec.), 60.7 (tert.), 54.4 (quat.), 51.0 (sec.), 50.5 (tert.), 49.7 (sec.), 47.7 (tert), 46.1 (sec.), 35.3
(tert.), 15,6 (prim.) ppm. IR (CCl4): ν 2975 (C-H), 2933 (C-H), 2878 (C-H), 1734 (C=O) cm-1. GCMS(EI):
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m/e (%) 202 (<1, M+), 137 (100, M+-C5H5), 66 (22, C5H6+). HRMS(EI): m/e 202.13553 [calc. for C14H18O
(M+) 202.13577].
6-Benzyl-endo-5-methyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 7m.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157
g) and 6-benzyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5m (0.178 g, 0.75 mmol).
After purification by column chromatography (EtOAc/hexane = 1/18) only endo 7m
(0.171 g, 0.68 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 7.23 (m, 5H, C6H5), 6.35 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.09 (dd,
3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.18 (brs, 1H, H7), 3.00 (d, 2J=13.6 Hz, 1H, CH2C6H5), 2.93 (brs, 1H, H1),
2.85 (d, 2J=13.6 Hz, 1H, CH2C6H5), 2.71 (d, 3J2,1=4.4 Hz, 1H, H2), 2.40 (m, 1H, H5x), 2.14 (dd, 2J4x,4n=18.5
Hz, 3J4x,3x=9.5 Hz, 1H, H4x), 1.95 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.79 (dd, 2J4n,4x=18.5 Hz, 3J4n,3x=12.0 Hz, 1H,
H4n), 1.64 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 0.83 (d, 3J=7.0 Hz, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec,
CDCl3): δ 220.7, 138.8 (quat.), 137.3, 136.7, 130.3(2X), 128.2(2X), 126.4, 61.2 (tert), 55.5 (quat.), 50.7
(sec.), 50.4 (tert.), 49.5 (sec.), 47.8 (tert), 47.4 (sec.), 35.2 (tert.), 15,3 (prim.) ppm. IR (CCl4): ν 3065
(C-Hunsat), 3029 (C-Hunsat), 2968 (C-H), 2930 (C-H), 2878 (C-H), 1731 (C=O) cm-1. GCMS(EI): m/e (%) 252
(<1, M+), 187 (100, M+-C5H5), 66 (54, C5H6+). HRMS(EI): m/e 252.1515 [calc. for C18H20O (M+) 252.1514].
Endo-5-methyl-6-(2'-oxo-2'-phenylethyl)-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 7n.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157
g) and 6-(2-oxo-2-phenylethyl)-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5n (0.197
g, 0.75 mmol). After purification by column chromatography (EtOAc/hexane = 1/20)
only endo 7n (0.190 g, 0.68 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 7.35 (m, 5H, C6H5), 6.28 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz,
1H, H9), 6.17 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 3.26 (d, 3J2,1=4.4 Hz, 1H, H2), 3.21 (brs, 1H, H7), 3.02
(brs, 1H, H1), 2.83 (m, 2H, CH2C(O)C6H5), 2.70 (m, 1H, H5x), 2.40 (dd, 2J4x,4n=18.5 Hz, 3J4x,3x=9.5 Hz, 1H,
H4x), 2.30 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.82 (dd, 2J4n,4x=18.5 Hz, 3J4n,3x=12.0 Hz, 1H, H4n), 1.51 (d,
2J10s,10a=8.8 Hz, 1H, H10s), 0.91 (d, 3J=7.0 Hz, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 219.9,
219.7, 139.0 (quat.), 137.9, 137.6, 128.7(2X), 128.0(2X), 127.8, (tert), 59.3 (quat.), 58.0 (tert.), 54.7, 52.0,
50.7 (sec.), 50.0, 49.5, 36.8 (tert.), 15,3 (prim.) ppm. IR (CCl4): ν 3064 (C-Hunsat), 3030 (C-Hunsat), 2968
(C-H), 2930 (C-H), 2881 (C-H), 1735 (C=O) cm-1. GCMS(EI): m/e (%) 280 (14, M+), 237 (66,
M+-C(O)CH3), 91 (31, C7H7+), 66 (10, C5H6+), 43 (100, C(O)CH3+). HRMS(EI): m/e 280.1463 [calc. for
C19H20O2 (M+) 280.1463].
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Ethyl 2-(endo-3'-methyl-5'-oxo-endo-tricyclo[5.2.1.02',6']dec-8-en-2-yl)acetate 7o.
The general procedure was followed using 1.6 M MeLi (1.0 ml, 1.6 mmol), CuI (0.157
g) and ethyl 2-(5-oxo-endo-tricyclo[5.2.1.02,6]deca-3,8-dien-2-yl)acetate 5o (0.175 g,
0.75 mmol). After purification by column chromatography (EtOAc/hexane = 1/20) only
endo 7o (0.164 g, 0.66 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.36 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 6.10 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0
Hz, 1H, H8), 4.14 (q, 3J=7.1 Hz, 2H, OCH2CH3), 3.17 (brs, 1H, H7), 2.88 (d, 3J2,1=4.4 Hz, 1H, H6), 2.85 (brs,
1H, H1), 2.73 (d, 2J=15.2 Hz, 1H, CH2COOEt), 2.51 (d, 2J=15.2 Hz, 1H, CH2COOEt), 2.45 (m, 1H, H3x),
2.27 (dd, 2J4x,4n=18.5 Hz, 3J4x,3x=9.5 Hz, 1H, H4x), 1.84 (dd, 2J4n,4x=18.5 Hz, 3J4n,3x=12.0 Hz, 1H, H4n), 1.70 (d,
2J10a,10s=8.8 Hz, 1H, H10a), 1.60 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.25 (t, 3J=7.2 Hz, 3H, OCH2CH3), 1.06 (d,
3J=7.0 Hz, 3H, CH3), ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 219.6, 172.1 (quat.), 136.6(2X), 60.8
(tert), 60.5 (sec.), 53.4 (quat.), 51.1 (sec.), 50.9 (tert), 49.3 (sec.), 47.7 (tert.), 45.4 (sec.), 35.5 (tert.), 15.0,
14,2 (prim.) ppm. IR (CCl4): ν 2970 (C-H), 2920 (C-H), 2870 (C-H), 1735 (C=O) cm-1. GCMS(EI): m/e (%)
248 (<1, M+), 183 (100, M+-C5H5), 66 (34, C5H6+). HRMS(EI): m/e 248.1413 [calc. for C15H20O3 (M+)
248.1412].
6-Methyl-endo-5-n-pentyl-endo-tricyclo[5.2.1.02,6]dec-8-en-3-one 8.
Pentyllithium (1.0 M) was prepared by adding dropwise pentylbromide (6.2 ml, 50 mmol)
to lithium metal (0.385 g, 55 mmol) in diethyl ether (50 ml) at room temperature under an
inert atmosphere. Then the general procedure was followed using 1.0 M pentyllithium (1.6
ml, 1.6 mmol), CuI (0.156 g) and 6-methyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-one 5h
(0.119 g, 0.74 mmol). After purification by column chromatography (EtOAc/hexane = 1/10) only endo 8
(0.154 g, 0.66 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.35 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 6.03 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0
Hz, 1H, H9), 3.12 (brs, 1H, H1), 2.64 (brs, 1H, H7), 2.47 (d, 3J2,1=4.9 Hz, 1H, H2), 2.23 (dd, 2J4n,4x=18.0 Hz,
3J4n,5x=8.7 Hz, 1H, H4n), 1.90 (m, 2J4x,4n=18.0 Hz, 3J4x,5x=8.9 Hz, J=3.5 Hz, 1H, H4x), 1.72 (d, 2J10a,10s=8.5 Hz,
1H, H10a), 1.63 (brs, 1H, H5x), 1.53 (d, 2J10s,10a=8.5 Hz, 1H, H10s), 1.36 (s, 3H, CH3), 1.30 (brs, 8H. C4H8CH3),
0.89 (t, 3J=6.8 Hz, 3H, C4H8CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 221.3 (quat.), 137.6, 135.6,
63.0, 51.7 (tert.),  51.1 (sec.), 50.6 (quat.), 47.8 (sec), 47.4, 45.3 (tert), 32.1, 30.7 (sec), 29.7 (prim.), 29.1,
22.6 (sec.), 14.0 (prim.) ppm. IR (CCl4): ν 2964 (C-H), 2930 (C-H), 2860 (C-H), 1734 (C=O) cm-1.
GCMS(EI): m/e (%) 232 (<1, M+), 167 (100, M+-C5H5), 96 (10, C6H8O+), 95 (10, C6H7O+), 66 (37, C5H6+).
HRMS(EI): m/e 232.1828 [calc. for C16H24O (M+) 232.1827].
3-Carbomethoxy-4-methyl-2-cyclopenten-1-one 10g.
Flash vacuum thermolysis of 6g (0.121 g, 0.55 mmol) was carried out as described in appendix I
(sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10g (0.081 g, 0.53 mmol) was obtained
as a colorless oil in 96% yield.
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Flash vacuum thermolysis of 7g (0.015 g, 0.068 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10g
(0.010 g, 0.065 mmol) was obtained as a colorless oil in 95% yield.
1H NMR (400 MHz, CDCl3): δ 6.67 (s, 1H, H2), 3.87  (s, 3H, OCH3), 3.29 (m, 1H, H4),
2.77 (dd, 2J5,5=19.2 Hz, 3J5,4=6.6 Hz, 1H, H5a), 2.16 (dd, 2J5,5=19.2 Hz, 3J5,4=1.8 Hz, 1H, H5s), 1.30 (d, 3J=7.1
Hz, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.4, 167.8, 164.5 (quat.), 137.4 (tert.), 52.3
(prim.), 44.5 (sec.), 34.8 (tert.), 19.8 (prim.) ppm. IR (CCl4): ν 3020 (C- Hunsat), 2970 (C-H), 2955 (C-H),
2880 (C-H), 1721 (C=O), 1690 (C=O), 1224 (conj.) cm-1. GCMS(EI): m/e (%) 154 (38, M+), 126 (37,
M+-CO), 111 (49, M+-CO-CH3), 67 (100, C5H7+). HRMS(EI): m/e 154.06272 [calc. for C8H10O3 (M+)
154.06298].
3,4-Dimethyl-2-cyclopenten-1-one 10h.
Flash vacuum thermolysis of 6h (0.046 g, 0.26 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10h (0.027
g, 0.25 mmol) was obtained as a colorless oil in 96% yield.
Flash vacuum thermolysis of 7h (0.044 g, 0.25 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10h (0.026 g, 0.24 mmol)
was obtained as a colorless oil in 96% yield.
1H NMR (400 MHz, CDCl3): δ 5.89 (s, 1H, H2), 2.82 (m, 1H, H4), 2.65 (dd, 2J5,5=18.5 Hz, 3J5,4=6.6 Hz, 1H,
H5a), 2.09 (s, 3H, C=CCH3), 2.02 (dd, 2J5,5=18.5 Hz, 3J5,4=2.1 Hz, 1H, H5s), 1.20 (d, 3J=7.2 Hz, 3H, CH3)
ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.9, 182.6 (quat.), 130.3 (tert.), 44.2 (sec.), 38.9 (tert.), 18.8,
17.0 (prim.) ppm. IR (CCl4): ν 3020 (C- Hunsat), 2970 (C-H), 2934 (C-H), 2878 (C-H), 1684 (C=O), 1217
(conj.) cm-1. GCMS(EI): m/e (%) 110 (37, M+), 95 (88, M+-CH3), 67 (100, C5H7+). HRMS(EI): m/e
110.07293 [calc. for C7H10O (M+) 110.07316].
3-Acetyl-4-methyl-2-cyclopenten-1-one 10i.
Flash vacuum thermolysis of 6i (0.051 g, 0.25 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10i
(0.033 g, 0.24 mmol) was obtained as a colorless oil in 96% yield.
Flash vacuum thermolysis of 7i (0.068 g, 0.33 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10i
(0.045 g, 0.33 mmol) was obtained as a colorless oil in 99% yield.
1H NMR (400 MHz, CDCl3): δ 6.56 (s, 1H, H2), 3.31 (m, 1H, H4), 2.75 (dd, 2J5,5=19.3 Hz, 3J5,4=6.7 Hz, 1H,
H5a), 2.48 (s, 3H, C(O)CH3), 2.15 (dd, 2J5,5=19.3 Hz, 3J5,4=1.7 Hz, 1H, H5s), 1.23 (d, 3J=7.1 Hz, 3H, CH3)
ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 209.5, 197.3, 173.1 (quat.), 136.3 (tert.), 44.6 (sec.), 34.0 (tert.),
28.4, 19.9 (prim.) ppm. IR (CCl4): ν 3020 (C- Hunsat), 2968 (C-H), 2860 (C-H), 1723 (C=O), 1685 (C=O),
O
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1217 (conj.) cm-1. GCMS(EI): m/e (%) 138 (19, M+), 110 (16, M+-CO), 95 (40, M+-CH3CO), 67 (57, C5H7+),
43 (100, CH3CO+). HRMS(EI): m/e 138.06802 [calc. for C8H10O2 (M+) 138.06807].
3-Ethyl-4-methyl-2-cyclopenten-1-one 10j.
Flash vacuum thermolysis of 7j (0.116 g, 0.61 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10j
(0.071 g, 0.57 mmol) was obtained as a colorless oil in 93% yield.
1H NMR (400 MHz, CDCl3): δ 5.90 (s, 1H, H2), 2.88 (m, 1H, H4), 2.65 (dd, 2J5,5=18.6 Hz,
3J5,4=6.6 Hz, 1H, H5a), 2.51 (dt, 2J=17.5 Hz, 3J=7.5 Hz, 1H, CH2CH3), 2.28 (dt, 2J=17.5 Hz, 3J=7.5 Hz, 1H,
CH2CH3), 2.48 (s, 3H, C(O)CH3), 2.01 (dd, 2J5,5=18.6 Hz, 3J5,4=2.2 Hz, 1H, H5s), 1.20 (d, 3J=7.3 Hz, 3H,
CH3), 1.19 (t, 3J=7.5 Hz, 3H, CH2CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.9, 188.2 (quat.),
128.0 (tert.), 44.1 (sec.), 37.7 (tert.), 24.1 (sec.), 19.0, 11.3 (prim.) ppm. IR (CCl4): ν 2973 (C-H), 2941
(C-H), 2882 (C-H), 1685 (C=O) cm-1. GCMS(EI): m/e (%) 124 (40, M+), 109 (100, M+-CH3), 95 (58,
M+-CH2CH3), 67 (57, C5H7+). HRMS(EI): m/e 124.08870 [calc. for C8H12O (M+) 124.08881].
3-Isopropyl-4-methyl-2-cyclopenten-1-one 10k.
Flash vacuum thermolysis of 7k (0.125 g, 0.61 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10k
(0.080 g, 0.58 mmol) was obtained as a colorless oil in 95% yield.
1H NMR (400 MHz, CDCl3): δ 5.89 (s, 1H, H2), 2.99 (m, 1H, H4), 2.65 (dd, 2J5,5=18.6
Hz, 3J5,4=6.5 Hz, 1H, H5a), 2.63 (m, 1H, CH(CH3)2), 2.01 (dd, 2J5,5=18.6 Hz, 3J5,4=2.2 Hz,
1H, H5s), 1.21 (d, 3J=6.7 Hz, 3H, CH3), 1.18 (d, 3J=7.2 Hz, 3H, CH(CH3)2), 1.14 (d, 3J=7.1 Hz, 3H,
CH(CH3)2) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 209.2, 192.3 (quat.), 127.0 (tert.), 44.3 (sec.), 36.4,
29.1 (tert.), 21.3, 20.7, 19.1 (prim.) ppm. IR (CCl4): ν 3021 (C- Hunsat), 2971 (C-H), 2934 (C-H), 2877 (C-H),
1686 (C=O) cm-1. GCMS(EI): m/e (%) 139 (100, M++H),138 (14, M+), 123 (57, M+-CH3), 110 (41, M+-CO),
95 (95, M+-CO-CH3), 67 (72, C5H7+). HRMS(EI): m/e 138.10382 [calc. for C9H14O (M+) 138.10446].
3-Allyl-4-methyl-2-cyclopenten-1-one 10l.
Flash vacuum thermolysis of 7l (0.125 g, 0.62 mmol) was carried out as described in
appendix I (sublimation oven: 120 °C, FVT oven: 500 °C). Pure cyclopentenoid 10l
(0.083 g, 0.61 mmol) was obtained as a colorless oil in 98% yield.
1H NMR (400 MHz, CDCl3): δ 5.91 (s, 1H, H2), 5.87 (m, 1H, CH=CH2), 5.16 (m, 2H,
CH=CH2), 3.22 (dd, 2J=17.3 Hz, 3J=6.5 Hz, 1H, CH2CH=CH2), 3.03 (dd, 2J=17.3 Hz, 3J=7.1 Hz, 1H,
CH2CH=CH2), 2.90 (m, 1H, H4), 2.69 (dd, 2J5,5=19.3 Hz, 3J5,4=6.7 Hz, 1H, H5a), 2.64 (dd, 2J5,5=19.3 Hz,
3J5,4=1.7 Hz, 1H, H5s), 1.21 (d, 3J=7.2 Hz, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.6,
184.2 (quat.), 132.9, 129.5 (tert.), 118.3, 44.1 (sec.), 37.6 (tert.), 35.3 (sec.), 18.9 (prim.) ppm. IR (CCl4): ν
2969 (C-H), 2850 (C-H), 1685 (C=O) cm-1. GCMS(EI): m/e (%) 136 (6, M+), 121 (22, M+-CH3), 108 (13,
O
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M+-CO), 79 (100, C5H3O+), 67 (57, C5H7+), 43 (34, CH3CO+). HRMS(EI): m/e 136.08858 [calc. for C9H12O
(M+) 136.08881].
3-Benzyl-4-methyl-2-cyclopenten-1-one 10m.
Flash vacuum thermolysis of 7m (0.159 g, 0.63 mmol) was carried out as described in
appendix I (sublimation oven: 180 °C, FVT oven: 500 °C). Pure cyclopentenoid 10m
(0.100 g, 0.54 mmol) was obtained as a colorless oil in 86% yield.
1H NMR (400 MHz, CDCl3): δ 7.33 (t, 3J=7.1 Hz, 2H, C6H5 meta-H), 7.26 (t, 3J=7.1 Hz,
1H, C6H5 para-H), 7.18 (d, 3J=7.1 Hz, 2H, C6H5 ortho-H), 5.76 (s, 1H, H2), 3.80 (d, 2J=16.6 Hz, 1H, CH2Ph),
3.56 (d, 2J=16.6 Hz, 1H, CH2Ph), 2.85 (m, 1H, H4), 2.69 (dd, 2J5,5=18.6 Hz, 3J5,4=6.6 Hz, 1H, H5a), 2.04 (dd,
2J5,5=18.6 Hz, 3J5,4=2.2 Hz, 1H, H5s), 1.24 (d, 3J=7.2 Hz, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3):
δ 208.5, 184.9, 136.9 (quat.), 130.4, 129.0(2X), 128.7(2X), 126.9 (tert.), 44.3, 37.5 (sec.), 37.2 (tert.), 19.0
(prim.) ppm. IR (CCl4): ν 3088 (C-Hunsat), 3067 (C-Hunsat), 3032 (C-Hunsat), 2969 (C-H), 2878 (C-H), 1685
(C=O) cm-1. GCMS(EI): m/e (%) 186 (61, M+), 171 (26, M+-CH3), 158 (25, M+-CO), 158 (63, M+-CO-CH3),
91 (100, C7H7+).
4-Methyl-3-(2-oxo-2-phenylethyl)-2-cyclopenten-1-one 10n.
Flash vacuum thermolysis of 7n (0.176 g, 0.63 mmol) was carried out as described in
appendix I (sublimation oven: 200 °C, FVT oven: 500 °C). Pure cyclopentenoid 10n
(0.095 g, 0.44 mmol) was obtained as a colorless oil in 70% yield.
1H NMR (400 MHz, CDCl3): δ 7.39 (m, 5H, C6H5), 6.17 (s, 1H, H2), 3.41 (d, 2J=5.6 Hz,
1H, CH2C(O)Ph), 3.14 (d, 2J=5.6 Hz, 1H, CH2C(O)Ph), 2.89 (m, 1H, H4), 2.68 (dd, 2J5,5=18.7 Hz, 3J5,4=6.7
Hz, 1H, H5a), 2.07 (dd, 2J5,5=18.7 Hz, 3J5,4=1.9 Hz, 1H, H5s), 1.22 (d, 3J=7.1 Hz, 3H, CH3) ppm. 13C NMR
(100 MHz, H-dec, CDCl3): δ 208.6, 208.1, 181.9, 136.2 (quat.), 130.5, 128.9, 128.8(2X), 127.5(2X) (tert.),
55.2, 44.4 (sec.), 35.8 (tert.), 20.0 (prim.) ppm. IR (CCl4): ν 3090 (C-Hunsat), 3034 (C-Hunsat), 2970 (C-H),
2870 (C-H), 1717 (C=O), 1687 (C=O) cm-1. GCMS(EI): m/e (%) 214 (12, M+), 199 (6, M+-CH3), 186 (18,
M+-CO), 141 (50, C11H9+), 109 (100, M+-C(O)C6H5), 105 (27, C(O)C6H5+), 77 (21, C6H5+). HRMS(EI): m/e
214.09866 [calc. for C14H14O2 (M+) 214.09937]. HRMS(EI): m/e 141.07055 [calc. for C11H9 (fragment)
141.070425].
Ethyl 2-(5-methyl-3-oxo-1-cyclopentenyl)acetate 10o.
Flash vacuum thermolysis of 7o (0.152 g, 0.61 mmol) was carried out as described
in appendix I (sublimation oven: 160 °C, FVT oven: 500 °C). Pure cyclopentenoid
10o (0.101 g, 0.55 mmol) was obtained as a colorless oil in 90% yield.
1H NMR (400 MHz, CDCl3): δ 6.09 (s, 1H, H2), 4.19 (q, 3J=7.1 Hz, 2H,
OCH2CH3), 3.48 (d, 2J=16.5 Hz, 1H, CH2OCH2CH3), 3.35 (d, 2J=16.5 Hz, 1H, CH2OCH2CH3), 3.02 (m, 1H,
H4), 2.70 (dd, 2J5,5=18.7 Hz, 3J5,4=6.6 Hz, 1H, H5a), 2.05 (dd, 2J5,5=18.7 Hz, 3J5,4=2.1 Hz, 1H, H5s), 1.29 (q,
O
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3J=7.1 Hz, 3H, OCH2CH3), 1.22 (d, 3J=7.2 Hz, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 208.1,
176.3, 168.9 (quat.), 131.9 (tert.), 61.4, 44.0 (sec.), 37.7 (tert.), 36.5 (sec.), 18.7, 14.1 (prim.) ppm. IR (CCl4):
ν 3020 (C- Hunsat), 2970 (C-H), 2860 (C-H), 1734 (C=O), 1685 (C=O), 1217 (conj.) cm-1. GCMS(EI): m/e
(%) 182 (25, M+), 109 (55, M+-COOC2H5), 95 (17, M+-CH2COOC2H5), 67 (100, C5H7+), 45 (17,
CH3CH2O+). HRMS(EI): m/e 182.09419 [calc. for C10H14O3 (M+) 182.09428].
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Chapter 6
Stereocontrolled synthesis of optically active alkyl
substituted cyclopentenones with fragrant properties
6.1 Introduction
The introduction of synthetic fragrance ingredients produced a revolution in the use of perfumes.
Until 100 years ago, perfumes were made entirely from natural products and as a consequence their
use was restricted to the wealthy and mostly for personal use. Today, fragrances are used in a wide
range of consumer goods from personal products such as soap, shampoo, and deodorants to
household products such as detergents, cleaners and bleaches. The estimated world consumption of
fragrance composites is valued at over 2800 million dollars and that of the synthetic fragrance
ingredients over 1400 million dollars.1 Probably the most significant turning point in the history of
this industry was the introduction of the famous perfume Chanel No 5 in 1921. This was the first
fine fragrance using synthetic organic compounds to produce unique fragrance aspects, and its
immediate success led to a growing interest in synthetic perfumery materials. The potential
advantages of synthetic ingredients are the following: cost, availability, consistency, stability,
originality and additional functionality.
For a compound to be smelt by humans it needs to be volatile at ambient temperature. As a
consequence odorants are nonionic compounds with molecular weights of less than 300 g/mol.
They are usually hydrophobic organic compounds containing a limited number of functional
groups, although the presence of a functional group is not necessarily a prerequisite for odor.
Olfactory research has long been challenged to investigate the structure-odor relationship2 and these
studies often comprehend the molecular properties that determine the smell of a compound.
Conversely, similar odors may be caused by compounds with completely different structures while
on the other hand compounds with similar structures may have dramatically different odors.
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(+) Carvone
caraway like
O O
(-) Carvone
spearmint-like
The effect of chirality on odor is not always clear. The reported odor differences for enantiomers
are sometimes so small that they have often been explained due to the presence of trace impurities,
e.g. phosphine or sulfur containing compounds. The most dramatic differences usually occur in
rigid molecules3 such as carvone4. While S-(+) carvone has a caraway like odor, its enantiomer
R-(-) carvone smells like spearmint. Very important in the determination of relationships between
these properties and molecular structure is the collection of good, precise, reproducible odor data.5
Worth mentioning is the odor measurement problem. Aroma chemicals have two sensory odor
properties: intensity (strong, moderate, weak) and quality (floral, woody, etc.).
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In recent years, the endo-tricyclo[5.2.1.02,6]decadienone system 1 has been shown to be a useful
synthon for the synthesis of a great variety of naturally occurring cyclopentanoids.6 The basic
strategy in this approach is depicted in Scheme 1. This strategy generally involves stereoselective
addition to the enone moiety, followed by chemical transformations to introduce the desired
functionalities. Thermal cycloreversion of the appropriately functionalized tricyclodecenone 2 using
the flash vacuum thermolysis technique leads to the desired cyclopentenones 3. The availability of
both antipodes 1 in enantiopure form7,8 completes this strategy and makes it extremely useful for
the enantioselective synthesis of a variety of cyclopentenoids.9
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Alkyl substituted cyclopentenones are interesting compounds as many of them have a pleasant
smell which make them attractive targets for the perfume industry. Notable examples are
cyclopentenones 4-7. Racemic mixtures of these compounds are commercially used as fragrances.
In order to obtain more insight in the fundamentals of structure-odor relationship it is desirable to
study the fragrant properties of the individual cyclopentenones and preferably also of both
individual antipodes. These optical active alkyl substituted cyclopentenoids are ideal for structure-
odor relationship studies. All compounds contain similar substituents, but are quite different in
molecular shape. Stereocontrolled synthesis of alkyl substituted cyclopentenones is very difficult,
but the endo-tricyclo[5.2.1.02,6]decadienone system 1 in combination with the Flash Vacuum
Thermolysis (FVT) technique is an extremely powerful methodology in the synthesis of cyclo-
pentenoids. The synthetic concept as depicted in Scheme 1 offers an unique synthetic route to
optically pure alkyl substituted cyclopentenones. Earlier work in our laboratory and the
development of a new synthetic route to the hitherto unknown 6-alkyl substituted tricyclodeca-
dienones 1 (see Chapter 3) allows the stereocontrolled and enantioselective synthesis of a wide
variety of alkylated tricyclodecadienones which can serve as starting substrates in this approach. In
this chapter the enantioselective synthesis of all possible stereoisomers of cyclopentenones 4-7 is
reported.
6.2 Preparation of the optically active tricyclodecadienone precursors.
The tricyclodecadienone system 1 is readily obtained in optically pure form by essentially two
synthetic routes, which both give access to either antipode. The first synthetic route, and most used
in our laboratory, starts from the Herz ester 10.10 Racemic Herz ester can easily be synthesized by
selective epoxidation of the enone moiety in Diels-Alder adduct 8 derived from cyclopentadiene
and p-benzoquinone (Scheme 2), followed by a Favorskii ring contraction of the resulting tricyclic
epoxide 9.
1098
EtOH / OH-
c.y.: 50 - 70%
H2O2 / OH-
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Kinetic resolution of racemic tricyclic ester10 (±)10 with pig liver esterase (PLE) at room
temperature in a 0.1 M phosphate buffer (pH=8) containing acetonitrile as the co-solvent, resulted
in a slow hydrolysis to give carboxylic acid (-)11 in excellent chemical yield and with a high
enantiopurity (Scheme 3). The enantiopurity could be further improved by crystallization. Ester
(+)10 was obtained during this enzymatic process as the remaining ester which could be obtained
optically pure after repeated enzyme treatment. Alkaline hydrolysis of (+)10 resulted in the
enantiopure antipode (+)11.
PLE, buffer pH 8
0.2 M MeCN, rt
(-)11
(+)11
O
COOH
O
HOOC
O
COOEt
(+)10(±)10
O
COOEt
NaOH
MeOH
Scheme 3
The second synthetic route to optically pure tricyclodecadienone 1 is in principle easier but this
compound lacks the functionality at the C6 bridgehead position which is present in compound 10.
Starting from 12 (dimer of cyclopentadiene) tricyclodecadienone 14 was synthesized by two
oxidation steps as depicted in Scheme 4. Enzymatic resolution was possible at the stage of
exo-alcohol 1311, but this enzymatic process was rather inefficient. The enzymatic resolution of 15
appeared to be a better choice12, as purification could be carried out fast and the ultimate yields
were higher, despite the extra oxidation-reduction steps.
DIBAL
toluene
-78 °C
c.y.: 91%
PCC
CH2Cl2
5 °C
c.y.: 76%
SeO2
dioxane/H2O
reflux
c.y.: 63%
151413
HOOH O
12
Scheme 4
As shown in Scheme 5, treatment of racemic endo-alcohol (±)15 with Lipase PS (Amano) and
vinyl acetate in tert-butyl methyl ether led to the enantioselective transesterification of (-)15 to
acetate (-)16 in high optical yield. Acetate (-)16 could be easily separated from the remaining
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optically pure alcohol (+)15. Subsequent alkaline hydrolysis of (-)16 gave optically pure alcohol
(-)15. Oxidation of both antipodes (+)15 and (-)15 with manganese(IV) oxide in dichloromethane at
room temperature yielded the corresponding optically pure tricyclodecadienones (-)14 and (+)14,
respectively.
MnO2, CH2Cl2
rt, c.y.: 89%
(+)14
ee: >99%
(-)14
ee: >99%
O
O
(-)15
c.y.: 87%
ee: >99%
OH
K2CO3 / MeOH / rt
t-BuOMe
OAc
Lipase PS
OAc
(-)16
c.y.: 49%
ee: >99%
HO
(+)15
c.y.: 50%
ee: >99%
(±)15
HO
MnO2, CH2Cl2
rt
c.y.: 91%
Scheme 5
In the synthetic route to cyclopentenones 4 and 5 both antipodes of tricyclodecadienone 14 were
used as substrates. Appropriate functionalization of the enone system and the [4+2]-cycloreversion
will be described later in this chapter. Cyclopentenones 6 and 7 were synthesized from acid 11
using the novel cuprate alkylation reaction, described in Chapter 3, to introduce alkyl groups at the
C6 position.13 Precursor in this reaction was the 6-bromo-endo-tricyclo[5.2.1.02,6]decadienone 18,
which was synthesized from acid 11 using Barton's decarboxylation process14 (Scheme 6).
O
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O
Me
(-)20
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O
CCl3Br
Me2CuLi
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Treatment of optically pure (+)6-bromo-endo-tricyclo[5.2.1.02,6]decadienone 18 with dimethyl-
cuprate in THF led to bromine/metal exchange and the formation of carbanion 19. Quenching of
anion 19 with methyl iodide afforded the desired methyl substituted product 20. This methodology
was successfully used for the preparation of both antipodes (+) and (-)20. In this process
racemization is not likely to occur and indeed was not observed. Quenching of anion 19 with water
gave tricyclodecadienone (-)14 (Scheme 7), which had the same optical rotation as measured for
(-)14, synthesized via the route depicted in Scheme 5. Both (+) and (-)20 are necessary precursors
in the stereocontrolled synthesis of the desired cyclopentenones 6 and 7.
(+)18
[α]D21 = +239.8°
(c 1.06, MeOH)
O
Br
19
O
H
(-)14
c.y.: 95%
[α]D22 = -136.1°
(c 0.80, MeOH)
ee: 98%
O
Me2CuLi
THF, 0 °C H2O
Scheme 7
6.3 Synthesis of both antipodes of optically active cyclopentenones 4-7.
Retrosynthetically, the synthesis of γ-n-pentylcyclopentenone 4 needs 5-n-pentyltricyclodeca-
dienone 21 as precursor (Scheme 8). This 5-alkylated tricyclic ketone was obtained with complete
exo-stereoselectivity by the 1,4-addition of freshly prepared lithium dipentylcuprate in diethyl ether
to 14. The observed exo-stereoselectivity of this addition is entirely consistent with that observed
for other lithium dialkyl cuprate additions to 14.15
(C5H11)2CuLi
Et2O, 0 °C
c.y.: 90%
FVT
500 °C
quantitative yield
O
C5H11 
(-)21 (-)4
O
C5H11
(-)14
O
Scheme 8
The thermal cycloreversion of 21 was carried out using the flash vacuum thermolysis technique
(FVT). Complete conversion was achieved at 500°C to give a quantitative yield of the desired
cyclopentenone 4 (Scheme 8). Both the (-) and (+) antipode of 4 were obtained in this way by
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starting from the respective optically pure tricyclodecenones (-) and (+)21. Both antipodes 4 had a
penetrating but pleasant smell.
The synthetic sequence to two of the four possible stereoisomers of cyclopentenone 5 is depicted
in Scheme 9. Earlier studies in our group have been directed to accomplish a one pot three
component coupling process involving the addition to the tricyclic enone, followed by the addition
of an electrophile. Also other examples of one pot three component coupling reactions16 and their
application in prostaglandin17 synthesis were published. Generally, the coupling works reasonably
well. Therefore, initial efforts were directed to synthesize (-)23 from (-)14 in a three component
coupling process. However, this method proved inferior to the process involving separated reaction
steps (Scheme 9).
FVT
500 °C
quantitative yield
O
(-)14 (-)22
O
CH3
FVT
500 °C
quantitative yield
Me2CuLi
Et2O, -78 °C
c.y.: 95%
O
CH3
C5H11
(-)5a
O
CH3
C5H11
(-)23
(-)24
O
CH3
C5H11
(-)5b
O
CH3
C5H11
NaOMe / MeOH, rt
quantitative yield
LDA, I-C5H11
THF / HMPA
c.y.: 55%
4 4
4
epimerization
Scheme 9
The required exo-5-methyltricyclodecenone 22 was readily prepared by addition of lithium
dimethylcuprate to enone 14. In order to have access to cis-4-methyl-5-n-pentylcyclopentenone 5a
the synthesis of cis-5-methyl-4-n-pentyltricyclodecenone 23 is required. Such synthesis is not trivial
as α-alkylation at the C4 position from the exo-face in 22 may be sterically hampered by the
adjacent 5-methyl group to such an extent that endo-alkylation is now also possible. Moreover, the
use of a strong base to accomplish initial enolization at C4 in 22 may lead to considerable
epimerization at this position in cis-23 on quenching with water during work-up as cis-23 is
thermodynamically less stable than its epimer trans-dialkylated 24. Fortunately, treatment of 22
with LDA followed by the addition of n-pentyl iodide resulted in cis-4-n-pentyl-5-methyltricyclo-
decenone 23 in 55% yield together with some dialkylated product and starting material. No
trans-dialkylated product was obtained. This result shows that cis-alkylation of 5-exo-substituted
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tricyclodecenones such as 22 is quite feasible despite enhanced steric hindrance from the exo-face
of the cyclopentanone moiety. Also the epimerization process is apparently too slow to disturb
isolation of the cis-compound under normal work-up conditions. Epimerization of cis-substituted
(-)23 to (-)24 was readily accomplished by treatment with sodium methoxide in methanol at room
temperature. As usual, the structures of both (-)23 and (-)24 were unambiguously established by 2D
NMR analysis. Cis-disubstituted cyclopentenone (-)5a was obtained by flash vacuum thermolysis
of (-)23, which again demonstrated the usefulness of this FVT-technique. Both (-)23 and (-)5a are
sensitive towards epimerization, that certainly would have occurred under acid catalyzed retro
Diels-Alder reactions, but is completely absent under FVT conditions. Thermolysis of (-)24 led to
the trans compound (-)5b as expected.
O
CH3
(-)20
O
C5H11H3C
(+)6(-)25
O
CH3
C5H11
FVT
500 °C
quantitative yield
(C5H11)2CuLi
Et2O, rt
c.y.: 90%
Scheme 10
In contrast to the exo-face lithium dipentylcuprate addition to (-)14, pentyl addition to 20
occured exclusively at the endo-face (Scheme 10). Earlier studies18 showed a 1:1 exo-endo ratio for
the addition reaction of dimethylcuprate to 20. Thus the complete endo stereoselectivity observed in
the present case is mainly caused by increased steric hindrance of the larger dipentylcuprate reagent
with the 6-methyl substituents. Pyrolysis of (-)25 using the flash vacuum thermolysis technique
yielded cyclopentenone (+)6 quantitatively.
In order to accomplish the synthesis of cyclopentenone 7 selective 1,4-reduction of 5-methyl-
tricyclodecadienone 20 was required. However, this reduction proved to be impossible using
standard procedures19. Attempted reduction of (-)20 with zinc in acetic acid under a variety of
conditions did not result in the desired ketone (-)26. This reluctance of (-)20 to undergo zinc
reduction is in contrast with the fast zinc reduction of parent tricyclodecadienone 14, but similar to
the 1,4-reduction problems with ester 10. It seems that no functionality is allowed at the C6 position
in the tricyclodecadienone system in order to be successful with zinc in acetic acid as the
1,4-reduction reagent. As mechanistically this 1,4-reduction with zinc is a typical electron transfer
process involving only the enone moiety without any clear involvement of the γ-carbon, it is hard to
see why this is so.
Treatment of (-)20 at low temperatures with LiAlH4 yielded only 1,2-reduced product. This
result is in sharp contrast to that of the reduction of the enone moiety of the Herz ester 10 with
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LiAlH4, which mainly gives 1,4-reduction. Much better results were obtained when calcium in
ammonia was used, now the desired ketone (-)26 was isolated in a good yield (Scheme 11).
LDA, I-C5H11
THF / HMPA
c.y.: 60%
(-)27
O
CH3
C5H11
Ca / NH3(l)
c.y.: 75%
FVT
500 °C
quantitative yield
O
CH3
(-)26 (-)7
O
H3C
C5H11
(-)20
O
CH3
Scheme 11
Treatment of (-)26 with LDA, followed by quenching with pentyl iodide led to exo-substituted
tricyclodecenone (-)27. Again only substitution from the exo-face occurred. Cyclopentenone (-)7
was obtained in quantitative yield after flash vacuum thermolysis of (-)27.
In conclusion, an effective, stereocontrolled and enantioselective synthesis of all possible
stereoisomers and enantiomers of four cyclopentenones 4-7 has been completed successfully. The
fragrance properties of these optically pure cyclopentenones are very interesting and will be further
explored in structure-odor relationship studies.
6.4 Experimental
General remarks
FT-IR spectra were recorded on a Biorad WIN-IR FTS-25 spectrophotometer. 1H- and 13C-NMR spectra
were obtained on a Bruker AM-400, a Bruker AC-300 and a Bruker AC-100 at T=298 K unless other stated.
Chemical shifts were reported relative to TMS. Mass spectrometric (MS) analyses were measured on a
double focussing VG Analytical 7070E mass spectrometer. GC-MS analyses were performed using a Varian
Saturn II GC-MS ion trap system, equipped with a Varian 8100 autosampler. Separation was carried out on a
fused silica HP-1 capillary column (DB-5, 30m x 0.25 mm). Helium was used as a carrier gas and electron
impact (EI) was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments
CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241 Polarimeter.
Melting points were determined with a Reichert Thermopan microscope and are uncorrected. Gas
chromatographic (GC) analyses were performed on a Hewlett-Packard HP5890A or a Hewlett-Packard
HP5890II gas chromatograph (flame ionization detector, FID) using a capillary column (HP-1, 25 m x 0.32
mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm.) as the carrier gas. The GC temperature programs
employed were either from 50ºC (5 minutes isothermal) to 250ºC at 15ºC/min followed by 2 min at 250ºC
(isothermal) or from 100ºC to 250ºC at 15ºC/min followed by 10 min at 250ºC (isothermal). Column
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chromatography was carried at ambient pressure out using Merck Kieselgel 60. Thin layer chromatography
(TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) using the eluents indicated.
Spots were visualized with UV, by reaction with I2 or molybdate spray. Solvents were dried using the
following methods: dichloromethane and hexane were distilled from calcium hydride, diethyl ether was
distilled from sodium hydride, ethyl acetate was distilled from potassium carbonate and toluene was distilled
from sodium. THF was distilled first from calcium hydride and then from sodium with benzophenone as
indicator under argon, directly prior to use. All other solvents were of analytical grade.
(1R,2R,6R,7S)-5-Oxotricyclo[5.2.1.02,6]deca-3,8-diene-2-carboxylic acid (+)11.
Compound (+)11 (8 g) was synthesized according to literature procedures8 and its spectral
data were in agreement with those reported.
[α]D21 = +83.6° (c 1.03, MeOH), literature8: [α]D25 = +85°, ee = 98%.
(1S,2S,6S,7R)-5-Oxotricyclo[5.2.1.02,6]deca-3,8-diene-2-carboxylic acid (-)11.
Compound (-)11 (8 g) was synthesized according to literature procedures8 and its spectral
data were in agreement with those reported.
 [α]D21 = -82.5° (c 1.55, MeOH), literature8: [α]D25 = -83°, ee = 99%.
(1S,2R,6S,7R)Tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)14.
Compound (-)14 (10 g) was synthesized according to literature procedures12 and its spectral
data were in agreement with those reported.
[α]D21 = -138.9° (c 1.86, MeOH), literature20: [α]D25 = -138.4°, ee > 99%.
(1R,2S,6R,7S)Tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (+)14.
Compound (+)14 (10 g) was synthesized according to literature procedures12 and its spectral
data were in agreement with those reported.
[α]D21 = +138.6° (c 0.99, MeOH), literature20: [α]D25 = +138.4°, ee > 99%
(1S,2S,6R,7R)-6-Bromotricyclo[5.2.1.02,6]deca-4,8-dien-3-one (+)18.
Compound (+)18 (7 g) was synthesized according to literature procedures21 and its spectral
data were in agreement with those reported.
[α]D21 = +239.8° (c 1.06, MeOH), m.p. > 80 °C, decomposition.
O
COOH
O
HOOC
O
H
O
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(1R,2R,6S,7S)-6-Bromotricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)18.
Compound (-)18 was synthesized according to literature procedures21 and spectral data were in
agreement with those reported.
 [α]D21 = -232.4° (c 1.00, MeOH), literature21: [α]D25 = -222.4° (c 0.69, MeOH), m.p. > 80 °C,
decomposition.
Racemization control experiment:
(1S,2R,6S,7R)Tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)14.
(1S,2S,6R,7R)-6-Bromotricyclo[5.2.1.02,6]deca-4,8-dien-3-one (+)18, [α]D21 = +239.8° (c 1.06, MeOH) gives
(1S,2R,6S,7R)tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)14, [α]D22 = -136.1° (c 0.80, MeOH).
This experiment was carried out in dry THF under inert
atmosphere. Lithium dimethylcuprate was prepared at 0 °C
by adding 1.6 M methyllithium (1.5 ml, 2.4 mmol) to a
suspension of CuI (0.230 g, 1.2 mmol) in THF (10 ml). After
stirring for 15 minutes bromotricyclodecadienone (+)18 (0.225 g, 1.0 mmol) in THF (1 ml) was added
slowly and the reaction mixture was then quenched with water (0.5 ml). After aqueous work-up using
standard procedures the crude product was purified by column chromatography (EtOAc/hexane = 1/6).
Finally, tricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)14 (0.139 g, 0.95 mmol) was obtained as a white solid in
95% yield and its spectral data was in agreement with the reported data20. The measured optical rotation
([α]D22 = -136.1° (c 0.80, MeOH), literature20: [α]D25 = -138.4°, ee = 98%) indicated that no racemization has
occurred during this novel bromide metal exchange reaction (see also Chapter 3).
(1S,2R,6S,7R)-6-Methyltricyclo[5.2.1.02,6]deca-4,8-dien-3-one (-)20.
This experiment was carried out in dry THF under inert atmosphere. Lithium dimethylcuprate
was prepared at 0 °C by adding 1.6 M methyllithium (4.5 ml, 7.2 mmol) to a suspension of
CuI (0.685 g, 3.6 mmol) in THF (30 ml). After stirring for 15 minutes
bromotricyclodecadienone (+)18 (0.675 g, 3.6 mmol) in THF (1 ml) was added slowly and
the reaction mixture then quenched with methyl iodide (2.1 ml, 30 mmol). After aqueous work-up using
standard procedures the crude product was purified by column chromatography (EtOAc/hexane = 1/6).
Finally, methyltricyclodecadienone (-)20 (0.365 g, 2.3 mmol) was obtained as a colorless oil in 75% yield.
[α]D20 = -26.2° (c 0.98, CDCl3). 1H NMR (400 MHz, CDCl3): δ 7.24 (d, 3J5,4=5.6 Hz, 1H, H5), 5.95 (brs, 1H,
H8), 5.90 (brs, 1H, H9), 5.84 (d, 3J4,5=5.6 Hz, 1H, H4), 3.22 (brs, 1H, H1), 2.57 (brs, 1H, H7), 2.44 (d, 3J2,1=4.4
Hz, 1H, H2), 1.92 (d, 2J10a,10s=8.8 Hz, 1H, H10a), 1.75 (d, 2J10s,10a=8.8 Hz, 1H, H10s), 1.45 (s, 3H, CH3) ppm.
13C NMR (100 MHz, H-dec, CDCl3): δ 210.7 (quat.), 169.1, 135.3, 134.4, 132.2, 58.0 (tert), 53.8 (quat.),
51.0 (sec.), 50.0, 46.6 (tert), 23.6 (prim.) ppm. IR (CCl4): ν 2967 (C-H), 2930 (C-H), 2870 (C-H), 1708
(C=O) cm-1. GCMS(EI): m/e (%) 160 (14, M+), 145 (13, M+-CH3), 132 (37, M+-CO), 117 (63, C9H9+), 66
O
Br
O
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O
H
2. Me2CuLi
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(100, C5H6+). HRMS(EI): m/e 160.08878 [calc. for C11H12O (M+) 160.08882], 117.07028 [calc. for C9H9+
117.07043].
(1R,2S,6R,7S)-6-Methyltricyclo[5.2.1.02,6]deca-4,8-dien-3-one (+)20.
The synthesis of compound (+)20 was performed using the same procedure as applied for the
synthesis of its enantiomer (-)20. Starting from bromotricyclodecadienone (-)18,
methyltricyclodecadienone (+)20 (0.370 g, 2.3 mmol) was obtained as a colorless oil in 75%
yield.
[α]D21 = +25.8° (c 1.00, CDCl3). Other physical data are identical with its antipode
(1S,2R,6S,7R)-6-methyltricyclo[5.2.1.02,6] deca-4,8-dien-3-one (-)20.
(1R,2S,6R,7S)-6-Methyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)26.
Calcium (0.500 g, 12.5 mmol) was added to condensed NH3 (25 ml) under inert atmosphere at
-50 °C and stirred for 30 min. A solution of 6-methyltricyclo[5.2.1.02,6]deca-4,8-dien-3-one
(-)20 (0.200 g, 1.25 mmol) in ether (1 ml) was slowly added to the reaction mixture. After 45
min. the reaction was complete and carefully quenched with saturated NH4Cl aq. (5 ml). Then
diethyl ether (10 ml) was added and the reaction mixture was allowed to reach room temperature while NH3
evaporated. After aqueous work-up using standard procedures the crude product was purified by column
chromatography (EtOAc/hexane = 1/6). Methyltricyclodecenone (-)26 (0.152 g, 0.94 mmol) was obtained as
a colorless oil in 75% yield.
[α]D23 = -170.9° (c 0.94, CDCl3). 1H NMR (400 MHz, CDCl3): δ 6.32 (dd, 3J8,9=5.7 Hz, 3J8,7=3.1 Hz, 1H, H8),
6.12 (dd, 3J9,8=5.7 Hz, 3J9,1=2.9 Hz, 1H, H9), 3.16 (brs, 1H, H1), 2.64 (brs, 1H, H7), 2.40 (d, 3J2,1=4.1 Hz, 1H,
H2), 2.27 (m, 2H, H4), 2.04 (m, 2H, H5), 1.72 (d, 2J10a,10s=8.6 Hz, 1H, H10a), 1.60 (d, 2J10s,10a=8.6 Hz, 1H,
H10s), 1.39 (s, 3H, CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 222.0 (quat.), 137.4, 135.5, 62.5, 53.7
(tert.), 50.8 (sec.), 47.7 (quat.), 47.4 (tert), 41.5 (sec.), 31.6 (sec), 29.7 (prim.) ppm. IR (CCl4): ν 2963 (C-H),
2927 (C-H), 2876 (C-H), 1735 (C=O) cm-1. GCMS(EI): m/e (%) 162 (<1, M+), 97 (100, M+-C5H5), 66 (82,
C5H6+). HRMS(EI): m/e 162.10445 [calc. for C11H14O (M+) 162.10447].
 (1S,2R,6S,7R)-6-Methyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)26.
The synthesis of compound (+)26 was performed using the same procedure as applied for the
synthesis of its enantiomer (-)26. Starting from methyltricyclodecadienone (+)20, methyl-
tricyclodecenone (+)26 (0.155 g, 0.96 mmol) was obtained as a colorless oil in 75% yield.
[α]D21 = +170.8° (c 0.86, CDCl3). Other physical data are identical with its antipode
(1R,2S,6R,7S)-6-methyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)26.
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(1R,2S,5S,6R,7S)-5-Pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)21.
Pentyllithium (1.0 M) was prepared by dropwise adding pentylbromide (6.2 ml, 50
mmol) to diethyl ether (50 ml) containing lithium metal (0.385 g, 55 mmol) at room
temperature under inert atmosphere. Lithium dipentylcuprate was prepared at 0 °C by
adding pentyllithium (3.6 ml, 3.6 mmol) to a suspension of CuI (0.342 g, 1.8 mmol) in
diethyl ether (15 ml). After stirring for 15 min. the temperature was cooled to -78 °C and
tricyclodecadienone (+)14 (0.220 g, 1.5 mmol) in diethyl ether (1 ml) was added slowly. The reaction
mixture was stirred for 30 minutes followed by quenching with water. After aqueous work-up using standard
procedures the crude product was purified by column chromatography (EtOAc/hexane = 1/10).
Pentyltricyclodecenone (+)21 (0.295 g, 1.35 mmol) was obtained as a colorless oil in 90% yield.
[α]D21 = +125.1° (c 0.96, CDCl3). 1H NMR (400 MHz, CDCl3): δ 6.14 (brs, 2H, H8 + H9), 3.16 (brs, 1H, H1),
3.02 (brs, 1H, H7), 2.92 (m, 1H, H2), 2.61 (m, 1H, H6), 2.21 (dd, 2J4n,4x=18.5 Hz, 3J4n,5n=9.0 Hz, 1H, H4n), 1.93
(ddd, 2J4x,4n=18.5 Hz, 3J4x,5n=7.0 Hz, J=1.9 Hz, 1H, H4x), 1.68 (brs, 1H, H5n), 1.55 (d, 2J10s,10a=8.2 Hz, 1H,
H10s), 1.42 (d, 2J10a,10s=8.2 Hz, 1H, H10a), 1.28 (brs, 8H. C4H8CH3), 0.89 (t, 3J=7.0 Hz, 3H, C4H8CH3) ppm.
13C NMR (100 MHz, H-dec, CDCl3): δ 221.0 (quat.), 136.1, 135.3, 54.8 (tert.), 52.3 (sec.), 48.8 (tert.), 48.3
(sec.), 47.1, 46.1 (tert), 37.9 (sec.), 36.7 (tert.), 31.9, 27.2, 22.6 (sec), 14.0 (prim.) ppm. IR (CCl4): ν 2963
(C-H), 2927 (C-H), 2860 (C-H), 1734 (C=O) cm-1. GCMS(EI): m/e (%) 218 (<1, M+), 153 (100, M+-C5H5),
66 (55, C5H6+). HRMS(EI): m/e 218.1673 [calc. for C15H22O (M+) 218.1671].
(1S,2R,5R,6S,7R)-5-Pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)21.
The synthesis of compound (-)21 was performed using the same procedure as applied for
the synthesis of its enantiomer (+)21. Starting from tricyclodecadienone (-)14, pentyltri-
cyclodecenone (-)21 (0.290 g, 1.33 mmol) was obtained as a colorless oil in 90% yield.
[α]D22 = -126.0° (c 0.95, CDCl3). Other physical data are identical with its antipode
(1R,2S,5S,6R,7S)-5-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)21.
(1S,2R,4R,5S,6R,7R)-5-Methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)23.
Lithium dimethylcuprate was prepared by adding 1.6 M methyllithium (4.5 ml, 7.2
mmol) to a suspension of CuI (0.690 g, 3.6 mmol) in diethyl ether (30 ml) at 0 °C under
inert atmosphere. After stirring for 15 min. tricyclodecadienone (-)14 (0.435 g, 3.0
mmol) diethyl ether (2 ml) was added slowly and the reaction mixture was stirred for 30
minutes followed by quenching with water. After aqueous work-up using standard procedures the crude
product was purified by column chromatography (EtOAc/hexane = 1/10). Methyltricyclodecenone (-)22
(0.450 g, 2.8 mmol) was obtained as a colorless oil in 95% yield with an optical rotation of: [α]D21 = -171.4°
(c 1.26, CDCl3). Now (-)22 (0.450 g, 2.8 mmol) was added to a freshly prepared reaction mixture of LDA (3
mmol) in THF (30 ml) with HMPA (4 ml) as co-solvent at 0 °C. After 30 min. excess pentyl iodide (3.65 ml,
28 mmol) was added and the reaction mixture was allowed to reach room temperature and stirred for 1 hour.
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After aqueous work-up using standard procedures the crude product was purified by column chromatography
(EtOAc/hexane = 1/10). Methylpentyltricyclodecenone (-)23 (0.360 g, 1.55 mmol) was obtained as a
colorless oil in 55% yield (recovered methyltricyclodecenone (-)22 (35%) and dialkylated product (10%)
were the other compounds in the crude mixture).
[α]D21 = -193.4° (c 1.28, CDCl3). 1H NMR (400 MHz, CDCl3): δ 6.21 (dd, 3J8,9=5.7 Hz, 3J8,7=3.1 Hz, 1H, H8),
6.14 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.18 (brs, 1H, H1), 3.04 (brs, 1H, H7), 2.91 (dd, J=9.3 Hz, J=4.7
Hz, 1H, H2), 2.45 (dt, 3J6,5=9.3 Hz, 4J6,CH3=2.7 Hz, 1H, H6), 2.02 (m, 1H, H4n), 1.98 (m, 1H, H5n), 1.52 (d,
2J10s,10a=8.1 Hz, 1H, H10s), 1.38 (d, 2J10a,10s=8.1 Hz, 1H, H10a), 1.23 (brs, 8H. C4H8CH3), 0.92 (d, 3J=7.0 Hz,
3H, CH3), 0.87 (t, 3J=7.1 Hz, 3H, C4H8CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 221.5 (quat.),
136.2, 135.1, 55.7, 53.1 (tert.), 52.6 (sec.), 48.4, 47.1, 46.7, 33.5 (tert), 31.9, 27.4, 25.0, 22.5 (sec), 18.1, 14.0
(prim.) ppm. IR (CCl4): ν 2962 (C-H), 2934 (C-H), 2871 (C-H), 1729 (C=O) cm-1. GCMS(EI): m/e (%) 232
(<1, M+), 167 (100, M+-C5H5), 97 (36, C6H9O+), 96 (86, C6H8O+), 66 (98, C5H6+). HRMS(EI): m/e 232.18283
[calc. for C16H24O (M+) 232.18272].
(1R,2S,4S,5R,6S,7S)-5-Methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+23).
The synthesis of compound (+)23 was performed using the same procedure as applied
for the synthesis of its enantiomer (-)23. Starting from tricyclodecadienone (+)14,
methylpentyltricyclodecenone (+)23 (0.360 g, 1.55 mmol) was obtained as a colorless
oil in 55% yield [methyltricyclodecenone (+)22 (35%, [α]D21 = +171.0° (c 1.24, CDCl3)
and dialkylated product (10%) were the other compounds in the crude mixture].
[α]D22 = +197.4° (c 0.99, CDCl3). Other physical data are identical with its antipode (1S,2R,4R,5S,6R,7R)-5-
methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (-23).
(1R,2S,4R,5R,6S,7S)-5-Methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)24.
To a solution of sodium (0.50 g, 22 mmol) in methanol (25 ml) was added
methylpentyltricyclodecenone (+)23 (0.175 g, 0.75 mmol) and stirred overnight at room
temperature. After aqueous work-up using standard procedures epimerized product (+)24
(0.171 g, 0.74 mmol) was obtained as a colorless oil in quantitative yield.
[α]D22 = +77.0° (c 0.79, CDCl3). 1H NMR (400 MHz, CDCl3): δ 6.14 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9),
6.02 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8), 3.13 (brs, 1H, H1), 3.03 (brs, 1H, H7), 3.03 (brs, 1H, H2), 2.49
(m, 1H, H6), 1.90 (m, 1H, H4x), 1.60 (d, 2J10s,10a=8.3 Hz, 1H, H10s), 1.45 (d, 2J10a,10s=8.3 Hz, 1H, H10a), 1.35
(brs, 1H, H5n), 1.30 (brs, 8H. C4H8CH3), 1.18 (d, 3J=6.6 Hz, 3H, CH3), 0.86 (t, 3J=7.2 Hz, 3H, C4H8CH3)
ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 219.5 (quat.), 137.0, 135.6, 60.1, 55.2 (tert.), 52.5 (sec.), 48.2,
45.3, 44.4, 38.5 (tert), 32.1, 27.1, 26.8, 22.5 (sec), 21.4, 14.0 (prim.) ppm. IR (CCl4): ν 2959 (C-H), 2930
(C-H), 2867 (C-H), 1734 (C=O) cm-1. GCMS(EI): m/e (%) 232 (<1, M+), 167 (99, M+-C5H5), 97 (28,
C6H9O+), 96 (22, C6H8O+), 66 (100, C5H6+). HRMS(EI): m/e 232.18260 [calc. for C16H24O (M+) 232.18272].
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(1S,2R,4S,5S,6R,7R)-5-Methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)24.
The synthesis of compound (-)24 was performed using the same procedure as applied for
the synthesis of its enantiomer (+)24. Starting from methylpentyltricyclodecenone (-)23,
the epimerized product (-)24 (0.170 g, 0.73 mmol) was obtained as a colorless oil in
quantitative yield.
[α]D21 = -76.5° (c 1.09, CDCl3). Other physical data are identical with its antipode (1R,2S,4R,5R,6S,7S)-5-
methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)24.
(1R,2S,5S,6R,7S)-6-Methyl-5-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)25.
The synthesis of compound (+)25 was performed using the same procedure as applied for
the synthesis of (1R,2S,5S,6R,7S)-5-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)21.
Starting from methyltricyclodecadienone (+)20 (0.240 g, 1.5 mmol), ) 6-methyl-5-pentyl-
tricyclo[5.2.1.02,6]dec-8-en-3-one (+)25 (0.315 g, 1.36 mmol) was obtained as a colorless
oil in 90% yield.
[α]D21 =+218.4° (c 0.80, CDCl3). 1H NMR (400 MHz, CDCl3): δ 6.35 (dd, 3J8,9=5.7 Hz, 3J8,7=3.0 Hz, 1H, H8),
6.03 (dd, 3J9,8=5.7 Hz, 3J9,1=3.0 Hz, 1H, H9), 3.12 (brs, 1H, H1), 2.64 (brs, 1H, H7), 2.47 (d, 3J2,1=4.9 Hz, 1H,
H2), 2.23 (dd, 2J4n,4x=18.0 Hz, 3J4n,5x=8.7 Hz, 1H, H4n), 1.90 (m, 2J4x,4n=18.0 Hz, 3J4x,5x=8.9 Hz, J=3.5 Hz, 1H,
H4x), 1.72 (d, 2J10a,10s=8.5 Hz, 1H, H10a), 1.63 (brs, 1H, H5x), 1.53 (d, 2J10s,10a=8.5 Hz, 1H, H10s), 1.36 (s, 3H,
CH3), 1.30 (brs, 8H. C4H8CH3), 0.89 (t, 3J=6.8 Hz, 3H, C4H8CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3):
δ 221.3 (quat.), 137.6, 135.6, 63.0, 51.7 (tert.), 51.1 (sec.), 50.6 (quat.), 47.8 (sec), 47.4, 45.3 (tert), 32.1,
30.7 (sec), 29.7 (prim.), 29.1, 22.6 (sec.), 14.0 (prim.) ppm. IR (CCl4): ν 2964 (C-H), 2930 (C-H), 2860
(C-H), 1734 (C=O) cm-1. GCMS(EI): m/e (%) 232 (<1, M+), 167 (100, M+-C5H5), 96 (10, C6H8O+), 95 (10,
C6H7O+), 66 (37, C5H6+). HRMS(EI): m/e 232.1828 [calc. for C16H24O (M+) 232.1827].
(1S,2R,5R,6S,7R)-6-Methyl-5-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)25.
The synthesis of compound (-)25 was performed using the same procedure as applied for
the synthesis of its enantiomer (+)25. Starting from methyltricyclodecadienone (-)20,
methylpentyltricyclodecenone (-)25 (0.313 g, 1.35 mmol) was obtained as a colorless oil in
90% yield.
[α]D21 = -224.0° (c 1.04, CDCl3). Other physical data are identical with its antipode (1R,2S,5S,6R,7S)-6-
methyl-5-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)25.
(1R,2S,4S,6R,7S)-6-Methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)27.
To a freshly prepared reaction mixture of LDA (1 mmol) in THF (10 ml) and HMPA (1
ml) as co-solvent was added methyltricyclodecenone (+)26 (0.150 g, 0.93 mmol) at 0 °C.
After 30 min. excess pentyl iodide (1.3 ml, 10 mmol) was added, the reaction mixture
was allowed to reach room temperature and stirred for 30 min. After aqueous work-up
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using standard procedures the crude product was purified by column chromatography (EtOAc/hexane =
1/10). Methylpentyltricyclodecenone (+)27 (0.130 g, 0.56 mmol) was obtained as a colorless oil in 60% yield
[starting material (+)26 (10%) and dialkylated product (30%) were the other components in the crude
mixture].
[α]D21 =+143.3° (c 0.55, CDCl3). 1H NMR (400 MHz, CDCl3): δ 6.35 (dd, 3J8,9=5.7 Hz, 3J8,7=3.2 Hz, 1H, H8),
6.07 (dd, 3J9,8=5.7 Hz, 3J9,1=2.9 Hz, 1H, H9), 3.16 (brs, 1H, H1), 2.61 (brs, 1H, H7), 2.42 (d, 3J2,1=4.6 Hz, 1H,
H2), 2.02 (m, 1H, H5n), 1.96 (m, 1H, H5x), 1.68 (d, 2J10a,10s=8.5 Hz, 1H, H10a), 1.64 (m, 1H, H4n), 1.54 (d,
2J10s,10a=8.5 Hz, 1H, H10s), 1.33 (s, 3H, CH3), 1.21 (brs, 8H. C4H8CH3), 0.86 (t, 3J=7.2 Hz, 3H, C4H8CH3)
ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 223.3 (quat.), 137.2, 135.7, 63.0, 53.9, 52.1 (tert.), 50.6 (sec.),
48.3 (tert.), 45.1 (quat.), 39.4, 31.8, 31.1 (sec.), 30.5 (prim.), 27.1, 22.5 (sec.), 14.0 (prim.) ppm. IR (CCl4): ν
2960 (C-H), 2930 (C-H), 2859 (C-H), 1730 (C=O) cm-1. GCMS(EI): m/e (%) 232 (<1, M+), 167 (100,
M+-C5H5), 96 (22, C6H8O+), 66 (55, C5H6+). HRMS(EI): m/e 232.18283 [calc. for C16H24O (M+) 232.18272].
(1S,2R,4R,6S,7R)-6-Methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (-)27.
The synthesis of compound (-)27 was performed using the same procedure as applied for
the synthesis of its enantiomer (+)27. Starting from methyltricyclodecadienone (-)26,
methylpentyltricyclodecenone (-)27 (0.125 g, 0.54 mmol) was obtained as a colorless oil
in 60% yield [starting material (-)26 (10%) and dialkylated product (30%) were the other
components in the crude mixture].
[α]D21 = -145.1° (c 0.43, CDCl3). Other physical data are identical with its antipode (1R,2S,4S,6R,7S)-6-
methyl-4-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one (+)27.
(4S)-4-Pentyl-2-cyclopenten-1-one (-)4.
Flash vacuum thermolysis of (1S,2R,5R,6S,7R)-5-pentyltricyclo[5.2.1.02,6]dec-8-en-3-one
(-)21 (0.220 g, 1.01 mmol) was carried out as described in appendix I (sublimation oven:
120 °C, FVT oven: 500 °C). Pure (4S)-4-pentyl-2-cyclopenten-1-one (-)4 (0.151 g, 0.99
mmol) was obtained as a colorless oil in quantitative yield.
[α]D21 = -162.0° (c 2.33, CDCl3). 1H NMR (400 MHz, CDCl3): δ δ 7.64 (dd, 3J3,2=5.6 Hz, 3J3,4=2.4 Hz, 1H,
H3), 6.14 (dd, 3J2,3=5.6 Hz, 4J2,4=2.0 Hz, 1H, H2), 2,92 (brs, 1H, H4), 2,52 (dd, 2J5,5=18.8 Hz, 3J5,4=6.3 Hz, 1H,
H5), 2.10 (dd, 2J5,5=18.8 Hz, 3J5,4=2.1 Hz, 1H, H5), 1.57 (brs, 1H, C4H8CH3), 1.35 (brs, 7H, C4H8CH3), 0.90
(t, 3J=6.8 Hz, 3H, C4H8CH3) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ 210.1 (quat.), 168.6, 133.6, 41.5
(tert.), 41.1, 34.7, 31.8, 27.3, 22.5 (sec.), 14.0 (prim.) ppm. IR (CCl4): ν 2960 (C-H), 2929 (C-H), 2858
(C-H), 1707 (C=O) cm-1. GCMS(EI): m/e (%) 153 (100, M++H), 152 (11, M+), 81 (4, M+-C5H11).
HRMS(EI): m/e 152.120114 [calc. for C10H16O (M+) 152.120130].
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(4R)-4-Pentyl-2-cyclopenten-1-one (+)4.
Cyclopentenoid (+)4 was prepared, as described for (-)4, in quantitative yield.
[α]D21 = +158.7° (c 1.34, CDCl3). Other physical data are identical with its antipode (4S)-4-
pentyl-2-cyclopenten-1-one (-)4.
(4R,5R)-4-Methyl-5-pentyl-2-cyclopenten-1-one (-)5a.
Flash vacuum thermolysis of (1S,2R,4R,5S,6R,7R)-5-methyl-4-pentyltricyclo[5.2.1.02,6]dec-
8-en-3-one (-)23 (0.162 g, 0.70 mmol) was carried out as described in appendix I
(sublimation oven: 120 °C, FVT oven: 500 °C). Pure (4R,5R)-4-methyl-5-pentyl-2-cyclo-
penten-1-one (-)5a (0.115 g, 0.69 mmol) was obtained as a colorless oil in quantitative yield.
[α]D22 = -147.8° (c 1.50, CDCl3). 1H NMR (400 MHz, CDCl3): δ 7.60 (dd, 3J3,2=5.7 Hz, 3J3,4=2.8 Hz, 1H, H3),
6.11 (dd, 3J2,3=5.7 Hz, 4J2,4=1.7 Hz, 1H, H2), 3.10 (m, 1H, H4), 2.31 (m, 1H, H5), 1.75 (brs, 1H, C4H8CH3),
1.33 (brs, 7H, C4H8CH3), 1.08 (d, 3J=7.3 Hz, 3H, CH3), 0.90 (t, 3J=6.8 Hz, 3H, C4H8CH3) ppm. 13C NMR
(100 MHz, H-dec, CDCl3): δ 211.9 (quat.), 168.5, 131.8, 49.5, 39.0 (tert.), 32.0, 28.1, 25.6, 22.5 (sec.), 15.8,
14.0 (prim.) ppm. IR (CCl4): ν 2961 (C-H), 2933 (C-H), 2873 (C-H), 2860 (C-H), 1699 (C=O) cm-1.
GCMS(EI): m/e (%) 167 (100, M++H), 166 (8, M+), 109 (8, M+-C4H9), 96 (10, M+-C5H10), 95 (8, M+-C5H11).
HRMS(EI): m/e 166.135790 [calc. for C11H18O (M+) 166.135764].
(4S,5S)-4-Methyl-5-pentyl-2-cyclopenten-1-one (+)5a.
Cyclopentenoid (+)5a was prepared, as described for (-)5a, in quantitative yield.
[α]D22 = +149.6° (c 1.15, CDCl3). Other physical data are identical with its antipode (4R,5R)-
4-methyl-5-pentyl-2-cyclopenten-1-one (-)5a.
(4R,5S)-4-Methyl-5-pentyl-2-cyclopenten-1-one (-)5b.
Flash vacuum thermolysis of (1S,2R,4S,5S,6R,7R)-5-methyl-4-pentyltricyclo[5.2.1.02,6]dec-
8-en-3-one (-)24 (0.162 g, 0.70 mmol) was carried out as described in appendix I
(sublimation oven: 120 °C, FVT oven: 500 °C). Pure (4R,5S)-4-methyl-5-pentyl-2-cyclo-
penten-1-one (-)5b (0.115 g, 0.69 mmol) was obtained as a colorless oil in quantitative yield.
[α]D22 = -86.9° (c 1.50, CDCl3). 1H NMR (400 MHz, CDCl3): δ 7.52 (dd, 3J3,2=5.7 Hz, 3J3,4=2.4 Hz, 1H, H3),
6.09 (dd, 3J2,3=5.7 Hz, 4J2,4=1.9 Hz, 1H, H2), 2,66 (m, 1H, H4), 1,86 (m, 1H, H5), 1.78 (brs, 1H, C4H8CH3),
1.33 (brs, 7H, C4H8CH3), 1.23 (d, 3J=7.3 Hz, 3H, CH3), 0.89 (t, 3J=5.4 Hz, 3H, C4H8CH3) ppm. 13C NMR
(100 MHz, H-dec, CDCl3): δ 212.3 (quat.), 168.3, 132.5, 53.6, 42.8 (tert.), 31.9, 30.6, 27.0, 22.5 (sec.), 19.7,
14.0 (prim.) ppm. IR (CCl4): ν 2961 (C-H), 2931 (C-H), 2873 (C-H), 2859 (C-H), 1698 (C=O) cm-1.
GCMS(EI): m/e (%) 167 (100, M++H), 166 (14, M+), 109 (2, M+-C4H9), 95 (1, M+-C5H11). HRMS(EI): m/e
166.135790 [calc. for C11H18O (M+) 166.135764].
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(4S,5R)-4-Methyl-5-pentyl-2-cyclopenten-1-one (+)5b.
Cyclopentenoid (+)5b was prepared, as described for (-)5b, in quantitative yield.
[α]D22 = +89.8° (c 0.88, CDCl3). Other physical data are identical with its antipode (4R,5S)-
4-methyl-5-pentyl-2-cyclopenten-1-one (-)5b.
(4S)-3-Methyl-4-pentyl-2-cyclopenten-1-one (-)6.
Flash vacuum thermolysis of (1R,2S,5S,6R,7S)-6-methyl-5-pentyltricyclo[5.2.1.02,6]dec-8-
en-3-one (+)25 (0.230 g, 0.99 mmol) was carried out as described in appendix I
(sublimation oven: 120 °C, FVT oven: 500 °C). Pure (4S)-3-methyl-4-pentyl-2-cyclo-
penten-1-one (-)6 (0.163 g, 0.98 mmol) was obtained as a colorless oil in quantitative yield.
[α]D21 = -32.5° (c 1.72, CDCl3). 1H NMR (400 MHz, CDCl3): δ 5.90 (s, 1H, H2), 2,75 (brs, 1H, H5), 2,53 (dd,
2J4,4=18.6 Hz, 3J4,5=6.5 Hz, 1H, H4), 2.10 (d, 2J4,4=18.6 Hz, 1H, H4), 2.08 (s, 3H, CH3), 1.75 (brs, 1H,
C4H8CH3), 1.22 (brs, 7H, C4H8CH3), 0.89 (t, 3J=6.4 Hz, 3H, C4H8CH3) ppm. 13C NMR (100 MHz, H-dec,
CDCl3): δ 209.1, 181.7 (quat.), 130.7, 44.3 (tert.), 41.7, 32.5, 31.8, 26.7, 22.5 (sec.), 17.3, 14.0 (prim.) ppm.
IR (CCl4): ν 2959 (C-H), 2931 (C-H), 2860 (C-H), 1684 (C=O) cm-1. GCMS(EI): m/e (%) 167 (100, M++H),
166 (4, M+), 109 (13, M+-C4H9), 96 (6, M+-C5H10), 95 (9, M+-C5H11). HRMS(EI): m/e 166.135790 [calc. for
C11H18O (M+) 166.135764].
(4R)-3-Methyl-4-pentyl-2-cyclopenten-1-one (+)6.
Cyclopentenoid (+)6 was prepared, as described for (-)6, in quantitative yield.
[α]D21 = +33.8° (c 2.50, CDCl3). Other physical data are identical with its antipode (4S)-3-
methyl-4-pentyl-2-cyclopenten-1-one (-)6.
(5S)-3-Methyl-5-pentyl-2-cyclopenten-1-one (+)7.
Flash vacuum thermolysis of (1R,2S,4S,6R,7S)-6-methyl-4-pentyltricyclo[5.2.1.02,6]dec-
8-en-3-one (+)27 (0.114 m, 0.49 mmol) was carried out as described in appendix I
(sublimation oven: 120 °C, FVT oven: 500 °C). Pure (5S)-3-methyl-5-pentyl-2-
cyclopenten-1-one (+)7 (0.079 g, 0.48 mmol) was obtained as a colorless oil in
quantitative yield.
[α]D20 = +32.2° (c 0.45, CDCl3). 1H NMR (400 MHz, CDCl3): δ 5.90 (s, 1H, H2), 2,73 (dd, 2J4,4=18.6 Hz,
3J4,5=6.6 Hz, 1H, H4), 2,39 (brs, 1H, H5), 2.25 (d, 2J4,4=18.6 Hz, 1H, H4), 2.12 (s, 3H, CH3), 1.78 (brs, 1H,
C4H8CH3), 1.31 (brs, 7H, C4H8CH3), 0.88 (t, 3J=6.5 Hz, 3H, C4H8CH3) ppm. 13C NMR (100 MHz, H-dec,
CDCl3): δ 212.3, 177.2 (quat.), 130.0, 46.8 (tert), 39.9, 31.8, 31.4, 27.0, 22.5 (sec.), 19.4, 14.0 (prim.) ppm.
IR (CCl4): ν 2959 (C-H), 2931 (C-H), 2858 (C-H), 1689 (C=O) cm-1. GCMS(EI): m/e (%) 167 (23, M++H),
166 (4, M+), 109 (30, M+-C4H9), 96 (100, M+-C5H10), 95 (21, M+-C5H11). HRMS(EI): m/e 166.135790 [calc.
for C11H18O (M+) 166.135764].
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(5R)-3-Methyl-5-pentyl-2-cyclopenten-1-one (-)7.
Cyclopentenoid (-)7 was prepared, as described for (+)7, in quantitative yield.
[α]D20 = -33.1° (c 0.73, CDCl3). Other physical data are identical with its antipode (5S)-
3-methyl-5-pentyl-2-cyclopenten-1-one (+)7.
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Chapter 7
Attempted synthesis of cyclopentadienols from
tricyclodecadienols
A preliminary study
7.1 Introduction
As outlined in the preceding chapters, the tricyclo[5.2.1.02,6]decadienone system 1 can serve as a
synthetic equivalent of cyclopentadienone1,2, thus enabling the synthesis of a large variety of
substituted cyclopentenones. A logical extension of this synthetic concept is the use of the
corresponding tricyclodecadienols 2, which are accessible by a 1,2-addition to the carbonyl group
of the C3-C4 enone3, as synthetic equivalent of cyclopentadienols 3. The strategy towards the dienol
3 is depicted in Scheme 1.
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It should be noted that the tricyclodecadienols 2 have a considerable propensity to undergo a
Cope rearrangement and give the tricyclic structure 4. Such a Cope rearrangement was observed
during the C3-carbonyl reduction of the Herz ester (X=COOEt).4 This complicating Cope
rearrangement does not interfere with the just mentioned strategy as thermal cycloreversion of
compound 4 leads to the same cyclopentadienol 3 (Scheme 1). The stereochemistry of the
1,2-addition to the C3 carbonyl shows a high exo-facial selectivity due to the effective shielding of
the concave endo-face5 in the substrate 1.
When enantiopure starting material 1 with X≠H is used, the ultimate result should be the
preparation of optically active dienols 3 (X≠H). It is of great interest to note that an acetylated
cyclopentadienol, viz. 5, does occur in nature. This compound shows juvenile hormone mimetic
activity on Aedes Aegypti (Yellow fever mosquito) and Tenebrio molitor (yellow mealworm).6
5
O  H
OO
OR
76
N2
Furthermore, cyclopentadienols may be valuable building blocks for further synthetic
elaboration. In addition a little is known about these dienols, which is an extra stimulant to evaluate
the concept shown in Scheme 1. Earlier studies on derivatives of the parent cyclopentadienol
indicate that these compounds are highly reactive.7 For example, the cyclopentadienol ether 7 has
been prepared from diazo compound 6, which on itself is an interesting synthon for the generation
of cyclopentadiene carbenes.8 Photolysis of diazocyclopentadiene 6 in alcoholic media leads to a
mixture of ether 7 and its isomers9 arising from double bond shifts. Preliminary studies of the
cycloreversion of the C3-reduced Herz ester (2, X=COOEt, R=H) showed that the initial formed
cyclopentadienol does not dimerize, but instead undergoes 1,5 H-shifts and subsequent tauto-
merization to give a mixture of cyclopentenones.10
In this chapter, the first results of the retro Diels-Alder reaction of tricyclo[5.2.1.02,6]deca-4,8-
dien-3-ols 8, 9 and 10 are presented.
8
H
OH
HO
Me
9 10
HO
Ph
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7.2 Results and Discussion
The preparation of tricyclodecadienols 9 and 10 was readily accomplished by subjecting the
parent tricyclodecadienone 1a (X=H) to a reaction with methyllithium and phenyllithium,
respectively. In both cases the addition was completely regio- and stereoselective to afford the
endo-enols 9 and 10 in acceptable yields. These alcohols 9 and 10 were synthesized earlier in our
laboratory10 but their chemical properties were not further investigated. All tricyclodecadienols 8-10
were stable compounds and did not undergo the conceivable Cope rearrangement to bridged
alcohols 4.
HO
RO
1a
 
9
10
R = Methyl, c.y.: 65%    
RLi, Et2O, -78 °C
R = Phenyl, c.y.: 75%
Scheme 2
The parent tricyclodecadienol 8 was conveniently prepared by oxidation of dicyclopentadiene
using selenium dioxide11 (Scheme 3). This leads to racemic material, which is suitable for this
preliminary study. This oxidative preparation leads to the exo-alcohol. Tricyclodecadienol 8 was
subjected to flash vacuum thermolysis at 600 °C and 10-2 torr. This experiment resulted in a single
product, namely cyclopentenone 12 in 92% yield (Scheme 3). In order to explain this product
formation, it is assumed that initially cyclopentadienol 11 is produced, which then under the
conditions of this reaction undergoes 1,5 H-shifts and tautomerization to 12. Also possible is tauto-
merization of enol intermediate 11a and then isomerization to the conjugated cyclopentenone 12.
FVT
600 °C
c.y.: 92%
12
  (c.y.: 92%)  
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 In an attempt to avoid the further isomerization reaction of the initial FVT product, the
trimethylsilyl ether of 8, viz. 13, was also subjected to thermolysis at 600 °C (Scheme 4). Complete
conversion of 13 was achieved to produce a mixture of two cyclopentadienes in an about 1:1 ratio.
On the basis of spectral evidence the structures 14b and 14c were assigned to these compounds. On
hydrolysis this product mixture led, as expected, to cyclopentenone 12 as the only product. No
cyclopentadienol 11, which would be the hydrolysis product of the initially obtained thermolysis
product 14a was detected in the NMR-spectra of the crude product mixture (For 14a a single AB
pattern for the olefinic protons in its NMR spectra would be expected).
12  (c.y.: 94%)  
OOSiMe3 OSiMe3
1,5 H-shift1,5 H-shift
- SiMe3
Tautomerization
14b 14c
H OSiMe3
ClSiMe3
Et2O
quant. yield
H
OH
8
FVT
600 °C
c.y.: 94%
14a13
H
OSiMe3
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In another attempt tricyclodecadienol 8 was acetylated with acetyl chloride prior to thermolysis
under identical FVT conditions as described for 8 (Scheme 5). Thermolysis of acetate 15 gave a
mixture of enol acetates 16b and 16c in a ratio of about 3:2. Again no sign of the expected initial
product 16a. This compound is apparently unstable under the conditions of the reaction, as it
undergoes a 1,5 H-shift to form 16b and with another 1,5 H-shift 16c.
H
OAc
15 16a
OAc
FVT
600 °C
c.y.: 97%
8
H
OH
AcCl
Et2O
quant.
yield
H OAc OAc
1,5 H - shift 1,5 H - shift
16c16b
Scheme 5
The experiments described above allow the conclusion that the desired parent cyclopentadienol
11 can not be obtained by thermal cycloreversion of tricyclodecadienol 8. In other words the
strategy outlined in Scheme 1 could not be realized in practice because sigmatropic 1,5 H-shifts
could not be avoided under these thermal conditions. A logical thought to avoid the complicating
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1,5 H-shifts is the replacement of the hydrogen atom at the carbon bearing the hydroxyl group by a
methyl substituent. This substrate 9 (for its synthesis, see Scheme 2) was converted into the
corresponding trimethylsilyl ether 17 prior to the thermolysis reaction. It should be mentioned that
the alcohol 9 itself is not sufficiently volatile to achieve sublimation into the hot tube of the FVT
set-up. Even at temperatures as high as 200 °C at 10-2 torr no sublimation occurred, but only
decomposition in the sample flask was observed. Flash vacuum thermolysis of silyl ether 17
unfortunately gave a very complex mixture of unidentifiable products.
Me3SiO CH3
17
FVT
600 °C
9
HO
CH3
ClSiMe3
CH2Cl2
c.y.: 87%
Complex
product mixture
Scheme 6
The acetylation product of 9 could not be obtained in the usual manner due to its extreme
sensitivity to hydrolysis. Much more success was achieved when the phenyl substituted tert-alcohol
10 (for its synthesis, see Scheme 2) was subjected to FVT conditions. The substrate underwent
smooth cycloreversion to give two products, viz. 18d and 18e in a 2:3 ratio (Scheme 7).
Isomerization1,3 Ph - shift
Tautomerization
18b 18c
1,5 Ph - shift
HO Ph
FVT
600 °C
c.y.: 89%
HO
Ph
18a10
HO
Ph
O
Ph
O
Ph
18e
O
Ph
18d
1
2
Scheme 7
The product formation can be readily explained by assuming compound 18a as the initial
product, which then undergoes a 1,5 aryl-shift to give enolic compound 18b. Tautomerization of
18b leads to product 18c, which either undergoes an 1,3 aryl-shift to give isolated product 18d or
isomerizes to the conjugated 2-phenyl cyclopentenone 18e. Again the desired strategy (Scheme 1)
to synthesize cyclopentadienol 18a could not be accomplished due to its instability under the
conditions of the thermal cycloreversion reaction.
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7.3 Concluding Remarks
The preliminary experiments described above clearly demonstrate that the planned strategy, as
depicted in Scheme 1, is not straightforward. The unforeseen high reactivity of the initially formed
cyclopentadienols lead to cyclopentenones via a series of 1,5 H-shifts, concluded with an enol
ketone tautomerization.
7.4 Experimental
General remarks
FT-IR spectra were recorded on a Biorad WIN-IR FTS-25 spectrophotometer. 1H- and 13C-NMR spectra
were obtained on a Bruker AM-400, a Bruker AC-300 and a Bruker AC-100 at T=298 K unless other stated.
Chemical shifts were reported relative to TMS. Mass spectrometric (MS) analyses were measured on a
double focussing VG Analytical 7070E mass spectrometer. GC-MS analyses were performed using a Varian
Saturn II GC-MS ion trap system, equipped with a Varian 8100 autosampler. Separation was carried out on a
fused silica HP-1 capillary column (DB-5, 30m x 0.25 mm). Helium was used as a carrier gas and electron
impact (EI) was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments
CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241 Polarimeter.
Melting points were determined with a Reichert Thermopan microscope and are uncorrected. Gas
chromatographic (GC) analyses were performed on a Hewlett-Packard HP5890A or a Hewlett-Packard
HP5890II gas chromatograph (flame ionization detector, FID) using a capillary column (HP-1, 25 m x 0.32
mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm.) as the carrier gas. The GC temperature programs
employed were either from 50ºC (5 minutes isothermal) to 250ºC at 15ºC/min followed by 2 min at 250ºC
(isothermal) or from 100ºC to 250ºC at 15ºC/min followed by 10 min at 250ºC (isothermal). Column
chromatography was carried at ambient pressure out using Merck Kieselgel 60. Thin layer chromatography
(TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) using the eluents indicated.
Spots were visualized with UV, by reaction with I2 or molybdate spray. Solvents were dried using the
following methods: dichloromethane and hexane were distilled from calcium hydride, diethyl ether was
distilled from sodium hydride, ethyl acetate was distilled from potassium carbonate and toluene was distilled
from sodium. THF was distilled first from calcium hydride and then from sodium with benzophenone as
indicator under argon, directly prior to use. All other solvents were of analytical grade.
Flash Vacuum Thermolysis of 8.
Flash vacuum thermolysis of 811 (0.180 g, 1.22 mmol) was carried out as described in appendix I
(sublimation oven: 50 °C, FVT oven: 600 °C) to give 2-cyclopenten-1-one 12 (0.092 g, 1.12
mmol) as a colorless oil in 92% yield. Spectral data were in accordance with those reported.12 O
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Trimethyl(endo-tricyclo[5.2.1.02,6]deca-4,8-dien-exo-3-yloxy)silane 13.
A solution of exo-3-hydroxy-endo-tricyclo[5.2.1.02,6]deca-4,8-diene 811 (0.440 g, 2.97
mmol) in dry diethyl ether (25 ml) was treated with triethylamine (700 µl, 5 mmol) and
chlorotrimethylsilane (630 µl, 5 mmol) at room temperature. The reaction was
monitored by TLC until completion and the reaction mixture was filtered over silica and
MgSO4. After purification by column chromatography (EtOAc/hexane = 1/9), product
15 (0.650 g, 2.95 mmol) was obtained as a colorless oil in quantitative yield.
1H NMR (400 MHz, CDCl3): δ 5.95 (m, 1H, H5), 5.84 (m, 1H, H8), 5.75 (m, 1H, H9), 5.47 (d, J=5.6 Hz, 1H,
H4), 4.06 (s, 1H, H3), 3.36 (m, 1H, H6), 3.00 (brs, 1H, H7), 2.77 (brs, 1H, H1), 2.53 (m, 1H, H2), 1.55 (d,
2J10s,10a=8.1 Hz, 1H, H10a), 1.38 (d, 2J10a,10s=8.1 Hz, 1H, H10s) 0.11 (s, 9H, Si(CH3)3), ppm. 13C NMR (100
MHz, H-dec, CDCl3): δ 136.8, 135.6, 134.6, 132.2, 79.1, 54.8, 53.3 (tert), 51.3 (sec.), 44.6, 44.5 (tert.),
0.2(3X) (prim.) ppm. IR (CCl4): ν 3057 (C-Hunsat), 2965 (C-H), 2900 (C-H), 2872 (C-H), 1253 (Si-CH3) cm-1.
GCMS(EI): m/e (%) 220 (4, M+), 205 (13, M+-CH3), 154 (54, M+-C5H6+), 131 (100, M+-OSiMe3).
HRMS(EI): m/e 220.12795 [calc. for C13H20OSi (M+) 220.128573].
Flash Vacuum Thermolysis of 13.
Flash vacuum thermolysis of 13 (0.140 g, 0.64 mmol) was carried out as described in
appendix I (sublimation oven: 30 °C, FVT oven: 600 °C) to afford cycloreversion product
(0.092 g, 0.60 mmol), which was obtained as a colorless oil in 94% total yield. This product
consisted of the two isomers (1,3-cyclopentadienyloxy)(trimethyl)silane 14b and (1,4-cyclo-
pentadienyloxy)(trimethyl)silane 14c (GC: 46:54, NMR: 3:4), which could not be separated.
(1,3-Cyclopentadienyloxy)(trimethyl)silane 14b: 1H NMR (300 MHz, CDCl3): δ 6.31 (m,
1H, H4), 5.71 (m, 1H, H3), 5.40 (brs, 1H, H2), 2.88 (brs, 2H, H5), 0.25 (s, 9H, Si(CH3)3))
ppm. GCMS(EI): m/e (%) 155 (100, M+), 81 (44, M+-HSiMe3).
(1,4-Cyclopentadienyloxy)(trimethyl)silane 14c: 1H NMR (300 MHz, CDCl3): δ 6.39 (m, 1H, H4), 6.26 (m,
1H, H5), 5.25 (m, 1H, H2), 2.93 (m, 2H, H3), 0.25 (s, 9H, Si(CH3)3)) ppm. GCMS(EI): m/e (%) 155 (100,
M+), 81 (45, M+-HSiMe3).
14b and 14c: IR (CCl4): ν 2943 (C-H), 1753 (C=O), 1730 (C=O) cm-1. HRMS(EI): m/e 154.08026 [calc. for
C8H14OSi (M+) 154.08139].
Endo-tricyclo[5.2.1.02,6]deca-4,8-dien-exo-3-yl acetate 15.
A solution of exo-3-hydroxy-endo-tricyclo[5.2.1.02,6]deca-4,8-diene 811 (0.438 g, 2.96
mmol) in dry diethyl ether (25 ml) was treated with triethylamine (700 µl, 5 mmol) and
acetylchloride (350 µl, 5 mmol) at room temperature. The reaction was monitored by TLC
until completion and the reaction mixture was filtered over silica and MgSO4. After
purification by column chromatography (EtOAc/hexane = 1/6), product 15 (0.560 g, 2.95
mmol) was obtained as a colorless oil in quantitative yield.
H
OSiMe3
H
OAc
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1H NMR (400 MHz, CDCl3): δ 6.04 (m, 1H, H5), 5.87 (m, 2H, H8 & H9), 5.58 (d, J=5.6 Hz, 1H, H4), 4.96 (s,
1H, H3), 3.39 (m, 1H, H6), 3.11 (brs, 1H, H7), 2.83 (brs, 1H, H1), 2.61 (m, 1H, H2), 2.04 (s, 3H, CH3), 1.59
(d, 2J10s,10a=8.2 Hz, 1H, H10a), 1.40 (d, 2J10a,10s=8.2 Hz, 1H, H10s) ppm. 13C NMR (100 MHz, H-dec, CDCl3): δ
171.1 (quat.), 140.0, 135.3, 132.5, 130.7, 82.1, 54.5 (tert), 51.3 (sec.), 50.2, 44.8, 29.5 (tert.), 21.4 (prim.)
ppm. IR (CCl4): ν 3063 (C-Hunsat), 2976 (C-H), 2906 (C-H), 2873 (C-H), 1725 (C=O) cm-1. GCMS(EI): m/e
(%) 190 (<1, M+), 147 (88, M+-Ac), 117 (63, C9H9+), 81 (83, M+-Ac-C5H6+).
Flash Vacuum Thermolysis of 15.
Flash vacuum thermolysis of 15 (0.120 g, 0.63 mmol) was carried out as described in appendix
I (sublimation oven: 50 °C, FVT oven: 600 °C) to give cycloreversion product (0.076 g, 0.61
mmol), which was obtained as a colorless oil in 97% total yield. This product consisted of 1,3-
cyclopentadienyl acetate 16b and 1,4-cyclopentadienyl acetate 16c (ratio GC: 59:41, ratio
NMR: 3:2, respectively), which could not be separated.
1,3-Cyclopentadienyl acetate 16b: 1H NMR (300 MHz, CDCl3): δ 6.43 (m, 2H, H2 & H4), 6.01
(m, 1H, H3), 3.03 (brs, 2H, H5), 2.22 (s, 3H, CH3) ppm. GCMS(EI): m/e (%) 124 (2, M+), 82
(100, M+-OAc+H), 43 (47, OAc+).
1,4-cyclopentadienyl acetate 16c: 1H NMR (300 MHz, CDCl3): δ 6.38 (m, 1H, H4), 6.16 (brs, 1H, H2), 5.99
(m, 1H, H5), 3.15 (brs, 2H, H3), 2.19 (s, 3H, CH3) ppm. GCMS(EI): m/e (%) 124 (6, M+), 82 (100,
M+-OAc+H), 43 (45, OAc+).
16b and 16c: IR (CCl4): ν 2961 (C-H), 1749 (C=O), 1708 (C=O) cm-1. HRMS(EI): m/e 124.05224 [calc. for
C8H14OSi (M+) 124.05243].
Trimethyl[(exo-3-methyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-yl)oxy]silane 17.
A solution of exo-3-methyl-endo-tricyclo[5.2.1.02,6]deca-4,8-dien-3-ol 910 (0.115 g, 0.71
mmol) in dichloromethane (25 ml) was treated with triethylamine (210 µl, 1.5 mmol) and
chlorotrimethylsilane (190 µl, 1.5 mmol) at room temperature. The reaction was
monitored by TLC until completion and the reaction mixture was filtered over silica and
MgSO4. After purification by column chromatography (EtOAc/hexane = 1/9), product 17
(0.145 g, 0.62 mmol) was obtained as a colorless oil in 87% yield.
1H NMR (400 MHz, CDCl3): δ 6.10 (m, 1H, H5), 5.85 (m, 1H, H8), 5.50 (m, 1H, H9), 5.43 (d, J=5.5 Hz, 1H,
H4), 3.34 (m, 1H, H6), 2.98 (brs, 1H, H7), 2.87 (brs, 1H, H1), 2.55 (m, 1H, H2), 1.56 (d, 2J10s,10a=8.1 Hz, 1H,
H10a), 1.40 (d, 2J10a,10s=8.1 Hz, 1H, H10s), 1.32 (s, 3H, CH3), 0.12 (s, 9H, Si(CH3)3), ppm. 13C NMR (100
MHz, H-dec, CDCl3): δ 138.7, 137.6, 134.9, 132.5 (tert.), 78.1 (quat.), 54.6, 52.3, 51.1, 44.6 (tert.), 43.1
(sec.), 26.7, 0.3(3X) (prim.) ppm. IR (CCl4): ν 3060 (C-Hunsat), 2970 (C-H), 2905 (C-H), 2870 (C-H), 1250
(Si-CH3) cm-1. GCMS(EI): m/e (%) 234 (8, M+), 219 (27, M+-CH3), 168 (15, M+-C5H6+), 145 (50,
M+-OSiMe3), 129 (100, M+-CH3-OSiMe3).
  Me3SiO CH3
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OAc 
16b
16c
A preliminary study
119
Flash Vacuum Thermolysis of 17.
Flash vacuum thermolysis of 17 (0.140 g, 0.59 mmol) was carried out as described in appendix I
(sublimation oven: 30 °C, FVT oven: 600 °C) to give a very complex product mixture (0.066 g) as a yellow
oil. Product identification appeared impossible by GCMS/IR/NMR analysis and separation was not possible
either.
Flash Vacuum Thermolysis of 10.
Flash vacuum thermolysis of 10 (0.190 g, 0.85 mmol) was carried out as described in
appendix I (sublimation oven: 140 °C, FVT oven: 600 °C) to give the cycloreversion product
(0.120 g, 0.76 mmol) as a slightly yellow colored oil in 89% total yield. This product
consisted 4-phenyl-2-cyclopenten-1-one 18d and 2-phenyl-2-cyclopenten-1-one 18e (NMR,
GC, GCMS: 2:3, respectively), which could not be separated.
4-Phenyl-2-cyclopenten-1-one 18d: 1H NMR (400 MHz, CDCl3): δ 7.68 (d, 3J3,2=7 Hz, 1H,
H3), 7.34 (m, 5H, C6H5), 6.28 (d, 3J2,3=7 Hz, 1H, H2), 3.52 (m, 1H, H4), 3.22 (m, 1H, H5), 2.80
(m, 1H, H5) ppm. 13C NMR (100 MHz, H-dec, CDCl3): 209.4 (quat.), 164.0 (tert.), 143.4
(quat.), 133.5, 128.7(2X), 127.6(2X), 127.5, 50.8 (tert.), 38.7 (sec.) ppm. MS(EI): m/e (%) 158 (86, M+), 130
(54, M+-CO), 129 (100, M+-CO-H), 77 (32, C6H5).
2-Phenyl-2-cyclopenten-1-one 18e: 1H NMR (400 MHz, CDCl3): δ 7.34 (m, 5H, C6H5), 7.14 (d, 3J3,4=7.1 Hz,
1H, H3), 2.71 (m, 2H, H5), 2.59 (m, 2H, H4) ppm. 13C NMR (100 MHz, H-dec, CDCl3): 207.6 (quat.), 159.0
(tert.), 137.1, 129.5 (quat.), 128.3(2X), 127.0(2X), 126.9 (tert.), 35.7, 26.1 (sec.) ppm. MS(EI): m/e (%) 158
(100, M+), 130 (55, M+-CO), 129 (86, M+-CO-H), 77 (5, C6H5).
18d and 18e: IR (CCl4): ν 3022 (C-Hunsat), 2870 (C-H), 1703 (C=O) cm-1. HRMS(EI): m/e 158.07279 [calc.
for C11H10O (M+) 158.07316].
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Appendix I
Flash Vacuum Thermolysis set-up and procedure
Apparatus
The Flash Vacuum Thermolysis (FVT) apparatus, as developed and used in the Laboratory of
Organic Chemistry of the University of Nijmegen, is schematically depicted in Figure 1. The pyrex
bulb contains the substrate. This bulb is heated by means of a sublimation oven (Buchi TO 50) in
order to bring the substrate into the gas phase. All connections are Rotulex cups and balls. The
pressure in the system is controlled by needle valves near the manometer.
Vacuum Rece iving Coole r
Thermolysis  Oven Sublim ation O ven
Substra teQ uartz Tube
Cold  Trap ( liq . N )2
M anom eter
Figure 1: FVT set-up
The sample flask is connected to the quartz oven tube with an internal diameter of 16 mm and a
length of 18 cm in which the actual thermolysis takes place. The oven is heated by a Heraeus BR
1.6/18 oven equipped with a Heraeus RK 42 control unit. The tube is connected directly to the cold
finger where the products are condensed and collected. At the other side of the receiving cooler the
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manometer to measure the pressure and a double cold trap to protect the vacuum pump (Edwards,
E2M8) are connected.
Procedure
Both cold traps are cooled with liquid nitrogen and the vacuum pump is started. All parts are
connected and the thermolysis oven is set to the required temperature and switched on. The
substrate is transferred into the sample flask, which is then connected to the quartz tube and the
sublimation oven is placed over it. The entire apparatus is evacuated and the pressure is checked to
remain constant (ca. 5x10-2 mbar). The receiver cooler is filled with a CO2/acetone mixture and the
sublimation oven is heated in order to effect a slow evaporation or sublimation of the substrate.
Optimal conditions for each compound can be established by varying the thermolysis and
sublimation temperature, the pressure and, if necessary, the flow rate of the carrier gas.
After the reaction is completed, both ovens are switched off and the vacuum system is isolated
by closing the left valve at the manometer. Then nitrogen is slowly introduced in the FVT set-up
until atmospheric pressure is reached. The cold finger is disconnected, immediately closed with
stoppers and allowed to reach room temperature. The product is dissolved in a suitable solvent,
collected in a flask and the solvent is evaporated under reduced pressure.
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Summary
This thesis deals with a detailed study on the synthesis and selected reactions of tricyclodeca-
dienones 1 and 2 and tricyclodecatrienone 3. Main topics are the synthetic transformations at the C6
bridgehead position and at the enone units in the tricyclic systems. Especially the facial selectivity
of nucleophilic additions to the central enone moiety in 2 as well as to the outer enone function in 1
is investigated. In addition, the chemical behavior of both the central and outer enone unit, as
present in tricyclodecatrienone 3, has been studied.
O
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O
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These tricyclic structures have high synthetic potential as they allow easy access to a variety of
cyclopentenoids 4 by removing the norbornene moiety (Scheme 1). This cycloreversion strategy is
used throughout this thesis and ultimately used in the synthesis of a series of optically active
alkylated cyclopentenones possessing interesting fragrant properties.
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O O O
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R
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R R'
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In the introductory Chapter 1 the properties of tricyclodecadienones 5 and their use in the
synthesis of cage structures 7 and cyclopentenoid natural products 4, following the synthetic
strategy depicted in Scheme 1, are briefly reviewed.
In Chapter 2 the chemical properties of tricyclodecadienone 2 possessing the central C2-C6
double bond are described. The central double bond is highly strained due to geometrical
constraints imposed by the tricyclic skeleton, which does not allow optimal sp2 hybridization at the
C2 and C6 bridgehead positions.
O
Nu
O
Nu
8 (endo product) 9 (exo product)  2
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endo
exo
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Scheme 2
New functionalities are introduced by nucleophilic additions to this central enone moiety in 2. As
depicted in Scheme 2, such additions to 2 in principle may lead to two stereoisomers 8 and 9. The
observed facial selectivity is determined by steric and electronic factors. The Michael addition to 2
was investigated under protic and aprotic conditions. Under protic conditions the addition showed
exclusive exo-facial selectivity as only C6 substituted endo-tricyclodecenones 8 were obtained
(Table 1).
Table 1: Addition reactions to 2 under protic conditions
Entry Solvent Base Nucleophile Time Product Yield (%)
   a t-BuOH NaOH t-BuO - 3 d 8a (Nu = OH) 67
   b MeOH NaOH MeO - 15 min. 8b (Nu = OMe) 99
   c EtOH NaOH EtO - 35 min. 8c (Nu = OEt) 97
   d n-BuOH NaOH n-BuO - 2 h 8d (Nu = OBu) 65
   e i-PrOH NaOH i-PrO - 6 h 8e (Nu = OiPr) & 8a 35 & 20
   f  * MeCN CN - 3 d 8f (Nu = CN) 95
   g  ** MeCN NaH CH(COOEt)2 - 5 d 8g (Nu = CH(COOEt)2) 73
* a trace of water provides the required protons.
** the acidic C-H in the malonate moiety serves as the proton source.
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The preference for 8 can be explained by steric and electronic factors. Sterically the methylene
bridge is less demanding than the ethylene bridge. Electronically, addition from the exo-face is
probably also favored as considerable orbital interaction between the enone π-system and the
olefinic C8-C9 bond may exist leading to an effective shielding of the endo-face of 2 for incoming
nucleophiles. Michael additions under aprotic conditions were studied using lithium
dialkylcuprates. In contrast to additions under protic conditions also exo-products 9 were obtained,
albeit in a minor extent (Table 2).
Table 2: Addition reactions of lithium dialkylcuprates to 2
Entry Nucleophile Temp. (°C) Time Product Yield (%)
h (CH3)2CuLi -78 15 min. 8h + 9h  (10:1) 82
i (C4H9)2CuLi -78 15 min. 8i + 9i    (19:1) 92
The formation of some exo-product 9 can be explained by the proposition that cuprates may
coordinate with both the enone moiety and the olefinic C8-C9 bond. This coordination leads to a
d-π cuprate complex and consequently the nucleophilic species becomes positioned at the endo-face
of tricyclodecadienone 2 producing the exo-product 9. The special nature of this cuprate addition
regarding the complexation with the norbornene double bond was further substantiated using
tricyclodecenone 10, lacking this C8-C9 double bond (Scheme 3).
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The Michael additions to 10 were studied again under both aprotic and protic conditions using
two lithium dialkylcuprates and sodium hydroxide in methanol, respectively (Scheme 3). All these
addition reactions showed exclusively exo-facial selectivity. Remarkably, these additions were all
considerably slower than those to substrate 2 proving significant electronic participation of the
norbornene double bond during reactions of 2. Furthermore, these results show that complexation of
the C8-C9 olefinic bond in 2 may indeed occur as for 10 no endo-addition leading to exo-product
was observed at all.
Also the syntheses of the highly strained annulated cyclopropane 13 and tricyclic epoxide 14 are
reported in this chapter. In contrast to earlier described addition products 8 - 12, these strained
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tetracyclic compounds are thermodynamically less stable than the starting enone as the total ring
strain energy is dramatically increased. Surprisingly, using methanol as co-solvent in the
epoxidation of 2 with alkaline hydrogen peroxide yielded the disubstituted tricyclodecenone 15
instead of the epoxide 14. A Payne-type rearrangement involving 14 explains its formation.
O
OH
OMe
O
O
O
13 1514
Chapter 3 deals with a novel reaction, which essentially constitutes a bridgehead alkylation
reaction of the tricyclodecadienone system using lithium dialkylcuprate reagents. Targeting the in
situ synthesis of tricyclodecatrienone 3, 6-bromotricyclodecadienone 16 was treated with lithium
dimethylcuprate in diethyl ether at -78 °C. However, instead of obtaining compound 3 these
reaction conditions led to the initial formation of cuprate intermediate 17, which on quenching with
electrophiles produced 6-substituted tricyclodecenones 6. Such a novel copper/halogen exchange of
a bridgehead halogen is unprecedented (Scheme 4).
16
O
Br
O
17
O
R
1
electrophile(Me)2CuLi
Cu+
Scheme 4
By carefully monitoring the reaction conditions the scope of this reaction was extended.
Improvement of the stabilization of intermediate 17 was achieved by using THF instead of diethyl
ether as the solvent. Consequently, the reaction temperature could be increased to 0 °C allowing
less reactive electrophiles to react with 17. Using these reaction conditions practically all
substitution reactions studied were successful affording a variety of C6 alkylated products in good to
moderate yields (Table 3). Whereas the alkylation reaction is successful with a large variety of
halides, attempts to add carbonyl electrophiles, such as aldehydes and ketones, to copper anion 17
failed completely. Much to our surprise also Michael addition of 17 to enones could not be
accomplished.
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Table 3: Electrophilic substitution at C6 in 17.
Entry Electrophile Product (compound 1, R = ) yield (%)* yield (%)**
a H2O 1a - H 85 95
b D2O 1b - D 85 95
c CH3I 1c - CH3 55 75
d CH3CH2I 1d - CH2CH3 0 65
e CH3CH2CH2I 1e - CH2CH2CH3 0 60
f (CH3)2CHI 1f - CH(CH)3 not performed 45
g CH2=CHCH2Br 1g - CH2CH=CH2 60 75
h PhCH2Br 1h - CH2Ph 0 60
i PhC(O)CH2Br 1i - CH2C(O)Ph not performed 50
j EtOOCCH2Br 1j - CH2COOEt not performed 40
k BrCH2CH2CH2Br 1k - CH2CH2CH2Br not performed 55
l CH3C(O)Cl 1l - C(O)CH3 80 50
m Me2SO4 1c - CH3 50 not performed
n Et2SO4 1d - CH2CH3 0 not performed
* conditions: Et2O, -78 °C
** conditions: THF, 0 °C
Chapter 4 deals with the in situ generation and the chemical properties of tricyclodecatrienone 3.
This tricyclic trienone 3 is a novel highly strained norbornene annulated cyclopentadienone
characterized by a central enone unit that is a common structural element of both the rigid
norbornene moiety and the annulated cyclopentenone.
3
O O
Nu
O
Br
16
Base Nucleophile
18
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Scheme 5
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Due to the geometrical constraints imposed by the tricyclic skeleton, which obstructs optimal sp2
hybridization at C2 and C6, the central enone unit is highly strained and as a consequence extremely
reactive, much more than the outer enone unit. The first and earlier established method1 to generate
tricyclodecatrienone 3 is the dehydrobromination of 6-bromotricyclodecadienone 16 with base. In
the presence of nucleophiles, a Michael addition to the central double bond occurs (Scheme 5).
Previously, a methoxy group could be introduced and product 18a was obtained in good yield1.
In this chapter the possible introduction of an amine group at C6 was investigated. Only when
pyrrolidine was used as nucleophilic solvent a C6 amino substituted tricyclic structure could be
isolated. Using bases such as sodium hydride and potassium hydroxide the relative unstable product
18b was obtained in 75% and 90% yield, respectively. Other amines, viz. benzylamine,
diethylamine and piperidine, were less reactive leading to much longer reaction times. Isolation and
purification of these amine addition products was very troublesome due to the limited product
stability.
OO
SePh
NaIO4
19 320
O
SePh
O
H
Scheme 6
Another conceivable approach to tricyclodecatrienone 3 is the oxidative elimination reaction of
phenylselanyl tricyclodecadienone 19. Oxidation of selenide 19 will give the corresponding
phenylseleninyl derivative 20, which is expected to undergo spontaneous elimination of
phenylselenenic acid to afford the desired tricyclodecatrienone 3. In this case however, the expected
spontaneous syn-elimination of phenylselenenic acid from 20 did not occur. Even at elevated
temperatures no formation of 3 could be observed. Consequently, tricyclodecatrienone 3 could only
be synthesized in situ under basic conditions resulting in products 18a and 18b in low yields.
Chapter 5 focuses on the influence of substituents at the C6 position on the facial selectivity of
nucleophilic addition reactions to the enone unit of endo-tricyclodecadienones 21. A variety of
substrates 21 were subjected to the lithium dimethylcuprate addition reaction (Scheme 7, Table 4).
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In combination with earlier studies2 more insight regarding the governing factors for facial
selectivity has been obtained. The approach of the nucleophile to the C4-C5 enone moiety is directed
by a combination of steric and electronic features directly linked to the nature of the substituent at
C6. A satisfactory explanation in terms of the stereoelectronic theory of Cieplak has been given.
Table 4: Lithium dimethylcuprate additions to tricyclodecadienone 21
Substrate Ratio
Entry X exo 22 endo 23
a COOCH3 87 13
b CH3 50 50
c C(O)CH3 45 55
d CH2CH3 0 100
e CH(CH3)2 0 100
f CH2CH=CH2 0 100
g CH2Ph 0 100
h CH2C(O)Ph 0 100
i CH2COOCH2CH3 0 100
To demonstrate the synthetic value of the novel bridgehead alkylation of 16 to form 21, as
described in Chapter 3, the enone-addition products 22 and 23 were subjected to FVT (Flash
Vacuum Thermolysis) conditions. Applying this powerful strategy provides easy access to
β,γ-disubstituted cyclopentenones 24 (Scheme 8, Table 5) in good yield.
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Table 5: FVT results using tricyclodecadienones 22 and 23
Substrate Preheating Product
Entry Compound X Temp (°C) No : Yield (%)
a 22a and 23a COOCH3 120 24a 96
b 22b and 23b CH3 120 24b 96
c 22c and 23c C(O)CH3 120 24c 98
d 23d CH2CH3 120 24d 93
e 23e CH(CH3)2 120 24e 95
f 23f CH2CH=CH2 120 24f 98
g 23g CH2Ph 180 24g 86
h 23h CH2C(O)Ph 200 24h 70
i 23i CH2COOCH2CH3 160 24i 90
Temperature FVT oven = 500 °C, pressure = ca. 5x10-2 mbar.
In Chapter 6 this strategy is also elaborated for the stereocontrolled synthesis of optically active
cyclopentenones possessing interesting fragrant properties. Optically active tricyclodecadienones 1a
(R=H) and 1m (R=COOH) were the starting materials. After several synthetic transformation steps
and a cycloreversion reaction using FVT all possible stereoisomers of cyclopentenones 25 - 28 were
obtained optically pure.
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In Chapter 7 a preliminary study aimed at the synthesis of cyclopentadienols from tricyclodeca-
dienols is presented. As depicted in Scheme 9, tricyclic alcohols 29, which are easily accessible by
1,2-addition reactions to the carbonyl in tricyclodecadienone 21, can be considered as synthetic
equivalents of cyclopentadienols 30. Cycloreversion using the FVT technique should, at least in
principle, yield the desired cyclopentadienols 30.
2921
1,2-addition
O
X
HO
X
R
30
HO R
X
31
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X
OHR
Cycloreversion
Cycloreversion
Scheme 9
It should be noted however, that alcohols 29 have a considerable propensity to undergo a Cope
rearrangement and give the tricyclic structures 31, but luckily this reaction does not interfere with
the just-mentioned strategy as thermal cycloreversion of 31 leads to the same cyclopentadienol 30.
This study revealed the limited stability of cyclopentadienols 30 since these compounds easily
undergo sigmatropic shifts as is depicted for the phenyl substituted alcohol 32 in Scheme 10.
Instead of the desired cyclopentadienol 33, a mixture of cyclopentenones 36 and 37 was obtained.
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These results clearly demonstrate that the planned strategy as depicted in Scheme 9 is not
straightforward. The high reactivity of the initially formed cyclopentadienols 30 led to cyclo-
pentenones by a series of sigmatropic shifts and an enol ketone tautomerization.
In conclusion, the high synthetic potential of tricyclodecadienones has been clearly demonstrated
by the preparation of a wide variety of C6 functionalized tricyclodecadienones 1 using the novel
bridgehead alkylation reaction described in Chapter 3. Stereoselective addition to the enone moiety
in combination with the cycloreversion strategy, as discussed in Chapter 5 and 6, ultimately led to
the stereocontrolled synthesis of the optically active alkyl substituted cyclopentenones 25 - 28.
References
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Samenvatting
In dit proefschrift worden de resultaten van een gedetailleerd onderzoek betreffende de synthese
en reacties van de tricyclodecadienonen 1 en 2 en het tricyclodecatrienon 3 beschreven. Belangrijke
onderwerpen hierbij zijn de chemische transformaties van de C6 bruggenhoofd substituent alsmede
van het enon systeem in deze tricyclische structuren. Met name de stereoselectiviteit van nucleofiele
addities aan het centrale 2,6-enonsysteem in 2 en aan het 4,5-enonsysteem in 1 zijn bestudeerd.
Beide enon systemen zijn gecombineerd in het tricyclodecatrienon 3 waarvan de chemische
eigenschappen zijn onderzocht.
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Deze tricyclische structuren bieden interessante synthetische mogelijkheden vanwege de
eenvoudige omzetting naar cyclopentenoiden 4 door het verwijderen van het norborneen gedeelte
via een thermische cycloreversiereactie (Schema 1).
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Deze zogenaamde cycloreversiestrategie is een belangrijk onderwerp in dit proefschrift. De
synthese van enkele optisch-zuivere gealkyleerde cyclopentenonen met interessante geur-
eigenschappen is een duidelijke demonstratie van de potentie van deze strategie (Hoofdstuk 6).
In het inleidend Hoofdstuk 1 wordt kort ingegaan op de eigenschappen van tricyclodecadienonen
5 en de toepassingen hiervan in de synthese van kooistructuren 7 en cyclopentenoide natuurstoffen
4, daarbij gebruik makend van de synthesestrategieën zoals weergegeven in Schema 1.
De chemische eigenschappen van tricyclodecadienon 2, in het bijzonder toegespitst op reacties
aan de centrale C2-C6 dubbele binding, worden beschreven in Hoofdstuk 2. Deze centrale dubbele
binding is extreem gespannen door geometrische beperkingen die zijn opgelegd door het tricyclisch
systeem. Hierdoor is een normale sp2 hybridisatie voor de C2 en C6 bruggenhoofd koolstofatomen
niet mogelijk en heeft dit enonsysteem een bijzondere reactiviteit.
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Tabel 1: Additie reacties aan 2 in protisch milieu
Nr. Oplosmiddel Base Nucleofiel Tijd Product Opbrengst (%)
a t-BuOH NaOH t-BuO - 3 d 8a (Nu = OH) 67
b MeOH NaOH MeO - 15 min. 8b (Nu = OMe) 99
c EtOH NaOH EtO - 35 min. 8c (Nu = OEt) 97
d n-BuOH NaOH n-BuO - 2 uur 8d (Nu = OBu) 65
e i-PrOH NaOH i-PrO - 6 uur 8e (Nu = OiPr) & 8a 35 & 20
f MeCN CN - 3 d 8f (Nu = CN) 95
g MeCN NaH CH(COOEt)2 - 5 d 8g (Nu = CH(COOEt)2) 73
Nieuwe groepen werden geïntroduceerd door nucleofiele addities aan dit centrale enon van 2.
Hierbij kunnen in principe de twee stereoisomeren 8 en 9 gevormd worden zoals weergegeven in
Schema 2. De waargenomen stereoselectiviteit wordt bepaald door zowel sterische als electronische
factoren. De Michael additie aan 2 werd bestudeerd onder protische en aprotische condities. Onder
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protische condities werden uitsluitend de C6 gesubstitueerde endo-tricyclodecenonen 8 verkregen en
verliepen de addities dus met volledige exo-stereoselectiviteit (Tabel 1).
Sterische en electronische factoren verklaren de voorkeur voor 8. Als eerste is sterisch gezien de
methyleenbrug kleiner dan de ethyleenbrug. Verder zal de aanwezigheid van een electronische
interactie tussen het enon π-systeem en de C8-C9 dubbele binding een effectieve afscherming van de
endo-zijde van 2 voor aanval van nucleofielen veroorzaken, en zal additie aan de exo-zijde de
voorkeur hebben. Michael additie reacties in aprotisch milieu zijn onderzocht met lithium
dialkylcupraten. In tegenstelling tot de volledige exo-stereoselectiviteit verkregen bij addities onder
protische condities, werden nu ook de exo-producten 9 in kleine hoeveelheden geïsoleerd (Tabel 2).
Tabel 2: Additie reacties van lithium dialkylcupraten aan 2
Nr. Nucleofiel Temp. (°C) Tijd Product Opbrengst (%)
h (CH3)2CuLi -78 15 min. 8h + 9h (10:1) 82
i (C4H9)2CuLi -78 15 min. 8i + 9i (19:1) 92
De vorming van een kleine hoeveelheid exo-product 9 kan worden verklaard door aan te nemen dat
er coördinatie optreedt tussen het cupraat, het enon gedeelte en de C8-C9 dubbele binding. Deze
coördinatie genereert een d-π cupraatcomplex wat ervoor zorgt dat het nucleofiel aan de endo-zijde
van het tricyclisch systeem geplaatst wordt, resulterend in exo-product 9. Het speciale karakter van
deze cupraat additie is verder onderzocht met behulp van verbinding 10, waarin de C8-C9
norborneen dubbele binding afwezig is (Schema 3).
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Opnieuw werden de Michael addities bestudeerd in aprotisch milieu met behulp van twee lithium
dialkylcupraten en onder protische condities met natriumhydroxide in methanol (Schema 3). Bij al
deze nucleofiele addities werd uitsluitend additie aan de exo-zijde van verbinding 10 waargenomen
leidend tot de verbinding 11. Door het opmerkelijke feit dat alle addities aan 10 duidelijk langzamer
verliepen dan aan 2 werd bewezen dat de C8-C9 dubbele binding in verbinding 2 een significante
electronische invloed op de nucleofiele additiereactie heeft. Aangezien geen endo-additie aan 10
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werd waargenomen, laten deze resultaten ook zien dat initiële complexatie van het cupraat met de
C8-C9 dubbele binding in 2 aannemelijk is.
In dit Hoofdstuk 2 worden eveneens de synthese van het zeer gespannen cyclopropaan 13 en
epoxide 14 behandeld. In tegenstelling tot de eerder beschreven additie producten (8 - 12) zijn deze
gespannen tetracyclische verbindingen thermodynamisch minder stabiel dan het enonsubstraat als
gevolg van een toename van de totale ringspanning. Wanneer naast water ook methanol gebruikt
werd als oplosmiddel bij de epoxidatie van verbinding 2 met alkalisch waterstof peroxide werd, in
plaats van het epoxide 14, het dubbel gesubstitueerde tricyclodecenon 15 verkregen. De vorming
van deze verbinding 15 wordt verklaard met een Payne-type omlegging waarbij epoxide 14
betrokken is als het initieel gevormde product.
O
OH
OMe
O
O
O
13 1514
In Hoofdstuk 3 wordt een nieuwe reactie besproken. In feite bestaat deze reactie uit een
bruggenhoofdalkylering van het tricyclodecadienonsysteem met behulp van lithium dialkylcupraat
reagentia. Met als doel het zeer gespannen tricyclodecatrienon 3 te synthetiseren werd 6-bromo-
tricyclodecadienon 16 behandeld met lithium dimethylcupraat in diethylether bij een temperatuur
van -78 °C. In plaats van de in situ synthese van verbinding 3, werd het cupraat intermediair 17
gegenereerd dat door reactie met electrofielen producten 1 gaf. Deze nieuwe koper/halogeen
uitwisseling van een bruggenhoofd halogeen is uniek (Schema 4).
16
O
Br
O
17
O
R
1
electrofiel(Me)2CuLi
Cu+
Schema 4
Door zorgvuldig de reactiecondities te analyseren en aan te passen, kon een groot aantal
derivaten 1 worden gesynthetiseerd. Het intermediair 17 kan aanzienlijk beter worden gehanteerd
door als oplosmiddel THF in plaats van diethylether te gebruiken. Als gevolg daarvan kon de
reactietemperatuur verhoogd worden tot 0 °C waardoor het mogelijk was om ook minder reactieve
electrofielen te gebruiken. Deze geoptimaliseerde condities leidden tot succesvolle substitutie-
reacties en een overzicht hiervan is weergegeven in Tabel 3. Alhoewel deze alkyleringreactie met
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een grote variëteit aan halogenen goede resultaten geeft, waren pogingen om het tricyclische koper
anion 17 te laten reageren met carbonyl electrofielen, zoals aldehyden en ketonen, niet succesvol.
Ook Michael addities van 17 aan enonen bleken verassend genoeg niet mogelijk te zijn.
Tabel 3: Electrofiele substitutie aan C6 in 17.
Nr. Electrofiel Product (verbinding 1, R = ) Opbrengst (%)* Opbrengst (%)**
a H2O 1a - H 85 95
b D2O 1b - D 85 95
c CH3I 1c - CH3 55 75
d CH3CH2I 1d - CH2CH3 0 65
e CH3CH2CH2I 1e - CH2CH2CH3 0 60
f (CH3)2CHI 1f - CH(CH)3 niet uitgevoerd 45
g CH2=CHCH2Br 1g - CH2CH=CH2 60 75
h PhCH2Br 1h - CH2Ph 0 60
i PhC(O)CH2Br 1i - CH2C(O)Ph niet uitgevoerd 50
j EtOOCCH2Br 1j - CH2COOEt niet uitgevoerd 40
k BrCH2CH2CH2Br 1k - CH2CH2CH2Br niet uitgevoerd 55
l CH3C(O)Cl 1l - C(O)CH3 80 50
m Me2SO4 1c - CH3 50 niet uitgevoerd
n Et2SO4 1d - CH2CH3 0 niet uitgevoerd
* condities: Et2O, -78 °C
** condities: THF, 0 °C
In Hoofdstuk 4 wordt ingegaan op de in situ synthese en de chemische eigenschappen van het
tricyclodecatrienon 3. Dit is een nieuw gespannen en zeer reactieve verbinding samengesteld uit een
norborneen en het cyclopentadienon gedeelte. Tricyclodecatrienon 3 wordt gekarakteriseerd door
een centrale enon eenheid, welk een gemeenschappelijk structuuronderdeel is van zowel het starre
norborneen gedeelte als het cyclopentadienon. Vanwege de geometrische beperkingen opgelegd
door het tricyclisch systeem, waardoor een normale sp2 hybridisatie voor de C2 en C6 atomen niet
mogelijk is, is de centrale C2-C6 enon eenheid zeer gespannen en veel reactiever dan de buitenste
C4-C5 enoneenheid. Een eerste stategie1 om verbinding 3 te genereren ging uit van het tricyclisch
bromide 16. Bij behandeling van 16 met base in methanol geeft dit een snelle eliminatie van
broomwaterstofzuur waarbij het tricyclodecatrienon 3 wordt gevormd. In aanwezigheid van
nucleofielen vindt Michael additie van methanol aan de centrale dubbele binding plaats (Schema 5).
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Hierbij wordt een methoxy groep geïntroduceerd en werd product 18a verkregen in goede
opbrengst1.
3
O O
Nu
O
Br
16
Base Nucleofiel
18
a: Nu = methoxy groep
b: Nu = pyrrolidinyl groep 
Schema 5
In dit hoofdstuk werd de mogelijke introductie van een amine groep op de C6 bruggenhoofd
positie bestudeerd. Een amino gesubstitueerd tricyclisch systeem kon echter alleen worden
geïsoleerd wanneer pyrrolidine werd gebruikt als nucleofiel oplosmiddel. Het instabiele product
18b werd verkregen in 75% en 90% opbrengst wanneer respectievelijk natriumhydroxide en
kaliumhydroxide werden gebruikt als base. Andere aminen zoals benzylamine, diethylamine en
piperidine waren minder reactief en hadden langere reactietijden nodig. Helaas waren de isolatie en
zuivering zeer problematisch als gevolg van de geringe stabiliteit van deze aminen.
OO
SePh
NaIO4
19 320
O
SePh
O
H
Schema 6
Een andere mogelijke benadering voor de synthese van verbinding 3 is de oxidatieve
eliminatiereactie van phenylselanyltricyclodecadienon 19. Oxidatie van selenide 19 geeft het
corresponderende phenylseleninyl derivaat 20, waarvan verwacht werd dat het een spontane
eliminatie van phenylseleenzuur zou geven tot het tricyclodecatrienon 3. Helaas vindt deze
verwachte spontane syn-eliminatie niet plaats. Zelfs na verhoging van de temperatuur werd er geen
tricyclodecadienon 3 gevormd. Uiteindelijk was het alleen mogelijk om verbinding 3 in situ te
genereren onder basische condities, waarbij de producten 18a en 18b werden verkregen in lage
opbrengst.
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Hoofdstuk 5 beschrijft de invloed van C6 bruggenhoofd substituenten op de stereoselectiviteit
van nucleofiele addities aan het enonsysteem in verbindingen 21. De lithium dimethylcupraat
additie is uitgevoerd aan verschillende substraten 21 (Schema 7, Tabel 4).
22 2321
+
O
X
CH3
Me2CuLi
Et2O, -78 °C
c.y.: ~90%
O
X
CH3
O
X
Schema 7
Door combinatie met eerder studies2 is meer inzicht verkregen in de sturende elementen voor de
stereoselectiviteit. Het samenspel van sterische en electronische factoren, gekoppeld aan de aard
van de substituent, bepalen vanaf welke zijde het nucleofiel het enonsysteem benaderd en daarmee
de stereoselectiviteit. Een bevredigende electronische verklaring wordt gevonden in de
stereoelectronische theorie van Cieplak.
Tabel 4: Lithium dimethylcupraat addities aan tricyclodecadienon 21
Substraat Verhouding
Nr. X exo 22 endo 23
a COOCH3 87 13
b CH3 50 50
c C(O)CH3 45 55
d CH2CH3 0 100
e CH(CH3)2 0 100
f CH2CH=CH2 0 100
g CH2Ph 0 100
h CH2C(O)Ph 0 100
i CH2COOCH2CH3 0 100
Als demonstratie van de synthetische potentie van de in Hoofdstuk 3 beschreven nieuwe
bruggenhoofdalkyleringsreacties werden de enon additie producten 22 en 23 onderworpen aan FVT
(Flash Vacuum Thermolyse) condities. Op deze wijze bleek het mogelijk om een serie
β,γ-disubstituted cyclopentenones 24 in hoge opbrengst te synthetiseren (Schema 8, Tabel 5).
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Me2CuLi
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1. Me2CuLi
    THF / 0 °C
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Schema 8
Tabel 5: FVT resultaten met tricyclodecadienonen 22 en 23 als substraat
Substraat Sublimatie oven Product
Nr. Verbinding X Temp (°C) Nr : Opbrengst (%)
a 22a en 23a COOCH3 120 24a 96
b 22b en 23b CH3 120 24b 96
c 22c en 23c C(O)CH3 120 24c 98
d 23d CH2CH3 120 24d 93
e 23e CH(CH3)2 120 24e 95
f 23f CH2CH=CH2 120 24f 98
g 23g CH2Ph 180 24g 86
h 23h CH2C(O)Ph 200 24h 70
i 23i CH2COOCH2CH3 160 24i 90
Temperatuur FVT oven = 500 °C, druk = ca. 5x10-2 mbar.
Deze strategie is verder uitgewerkt in Hoofdstuk 6 voor de synthese van optisch zuivere
gealkyleerde cyclopentenonen met interessante geureigenschappen. Als uitgangstoffen dienen de
optisch zuivere tricyclodecadienonen 1a (R=H) en 1m (R=COOH). Diverse synthetische
transformaties gevolgd door een cycloreversiereactie onder FVT condities leidden tot de bereiding
van alle mogelijke stereoisomeren van cyclopentenonen 25 - 28 in optisch zuivere vorm.
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Een eerste aanzet tot de synthese van optisch-actieve cyclopentadienolen 30 uit tricyclodeca-
dienolen 29 wordt besproken in Hoofdstuk 7. Zoals weergegeven in Schema 9 kunnen tricyclische
alcoholen 29 beschouwd worden als synthetisch equivalenten van cyclopentadienolen 30. Deze
tricyclodecadienolen 29 kunnen eenvoudig worden bereid uit tricyclodecadienon 21 door
1,2-additiereacties aan de carbonylfunctie uit te voeren. Cycloreversie zal dan, althans in principe,
kunnen leiden tot de gewenste cyclopentadienolen 30.
2921
1,2-additie
O
X
HO
X
R
30
HO R
X
31
Cope
X
OHR
Cycloreversie
Cycloreversie
Schema 9
Interessant is het feit dat alcoholen 29 sterk de neiging hebben om een Cope omlegging te
ondergaan waarbij de tricyclische structuren 31 worden gevormd. Gelukkig belemmert deze reactie
niet  de eerder genoemde strategie omdat beide verbindingen 29 en 31 na thermische cycloreversie
tot hetzelfde product leiden. Uit deze studie is duidelijk geworden dat cyclopentadienolen 30 niet
erg stabiel zijn. Er vinden namelijk zeer snel sigmatrope omleggingen plaats zoals is weergegeven
in Schema 10 voor het fenyl-gesubstitueerde alcohol. In plaats van het gewenste cyclopentadienol
33 werd een mengsel van de cyclopentenonen 36 en 37 verkregen als gevolg van een serie
sigmatrope verschuivingen.
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3534
Tautomerisatie
1,3 Ph - shift
Isomerisatie
Schema 10
Uit deze resultaten is duidelijk geworden dat de geplande strategie, zoals weergegeven in
Schema 9, niet succesvol is.
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